Weathering and Iron Oxide Mineralogy of Hong Kong Granite by Awoleye, Olumuyiwa Adebayo
 
 
 
 
 
 
 
https://theses.gla.ac.uk/ 
 
 
 
 
Theses Digitisation: 
https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 
This is a digitised version of the original print thesis. 
 
 
 
 
 
 
 
 
Copyright and moral rights for this work are retained by the author 
 
A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 
 
This work cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 
 
When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten: Theses 
https://theses.gla.ac.uk/ 
research-enlighten@glasgow.ac.uk 
WEATHERING AND IRON OXIDE MINERALOGY 
OF HONG KONG GRANITE
by
OLUMUYIWA ADEBAYO AWOLEYE 
(B.Eng; M.Eng; University of Benin)
Thesis Submitted for the degree of 
DOCTOR OF PHILOSOPHY 
in the University of Glasgow
April, 1991
@  O. A. Awoleye, 1991
ProQuest Number: 11007981
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 11007981
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
To the memory of my grandmother, Mrs. M. Awoleye, 
who passed away whilst this study was in progress.
TABLE OF CONTENTS
Page
Acknowledgements ix
Summary xi
CHAPTER 1 INTRODUCTION 1
1.1 GENERAL 1
1.2 AIMS OF THE PRESENT STUDY 2
1.3 METHOD OF STUDY 3
CHAPTER 2 LITERATURE REVIEW 5
2.1 INTRODUCTION 5
2.2 STRUCTURE OF THE IRON OXIDES AND OXYHDROXIDES 5
2.2.1 Wustite, FeO (Cubic) 6
2.2.2 Hematite, a—Fe203 (Trigonal) 6
2.2.3 Ilmenite, FeTi03 (Hexagonal) 7
2.2.4 Magnetite, Fe304 (Cubic) 8
2.2.5 Maghemite, 7 ~Fe20 3 (Spinel, cubic or tetragonal) 8
2.2.6 Goethite, a-FeOOH (Orthorhombic) 9
- i i -
2.2.7 Lepidocrocite, 7 -FeOOH (Orthorhombic) 10
2.2.8 Akaganeite, ((3-FeOOH (Tetragonal) 11
2.2.9 Ferrihydrite and Ferroxyhyte (5-FeOOH), (Hexagonal) 12
2.3 IRON OXIDES IN THE SOIL ENVIRONMENT 14
2.3.1 Occurrence 15
2.3.2 Formation 20
2.3.3 Interaction of Iron Oxides with other Minerals 33
and Elements
CHAPTER 3 MATERIALS 63
3.1 INTRODUCTION 63
3.2 ROCK AND SOIL 63
3.2.1 Description of Sampling Site 64
3.2.2 Engineering Goelogy of the Site 64
3.2.3 Weathering and Alteration 66
3.2.4 Soil Sampling 67
3.2.5 Sample Handling and Storage 68
3.2.6 Sample Numbers, Field and Laboratory Descript ion 69
of Samples.
3.4 INITIAL SAMPLE PREPARATIONS
3.4.1 Rock Samples
73
73
- i i i —
3.4.2 Soil Samples 73
3.5 PARTICLES SIZE ANALYSIS AND SOIL MICROFABRIC 75
3.6 SYNTHETIC IRON OXIDES 79
3.6.1 Ferrihydrite 79
3.6.2 Goethlte 79
3.6.3 Hematite 80
3.7 SUMMARY 80
CHAPTER 4 CHEMICAL METHODS 104
4.1 INTRODUCTION 104
4.2 CONCENTRATION METHODS FOR IRON OXIDES 105
4.2.1 Boiling 5 M Sodium Hydroxide (NaOH) Method 106 
of Concentration.
4.2.2 Hydrofluoric Acid (HF) Method of Concentration. 106
4.3 SELECTIVE DISSOLUTION METHODS FOR IRON OXIDES 107
4.3.1 Dithionite Citrate Bicarbonate Method of 108
Dissolut ion.
4.3.2 Acid Ammonium Oxalate Method of Dissolution. 108
- i v-
4.4 ELEMENTAL CONCENTRATION 109
4.4.1 X-ray Fluorescence. 110
4.4.2 Atomic Absorption Spectrophotometry. Ill
4.5 DETERMINATION OF pH 112
4.6 DETERMINATION OF SOIL COo 112
4.7 RESULTS 113
4.7.1 Elemental Concentration.
4.7.2 Chemical Concentration of Fe. 117
4.7.3 Selective Dissolution of Fe. 120
4.7.4 Soil pH. 121
4.7.5 Organic Matter Content 122
4.8 SUMMARY 124
CHAPTER 5 ELECTRON MICROSCOPY 134
5.1 INTRODUCTION 134
5.2 GENERAL 135
5.3 PRINCIPLES OF THE ELECTRON MICROSCOPE 136
-v-
5.4 LENS DEFECTS 138
5.4.1 Astgmatism 138
5.4.2 Chromatic Aberration 139
5.4.3 Spherical Aberration 140
5.5 BEAM - SPECIMEN INTERACTION 140
5.6 RADIATION DAMAGE 141
5.7 ELECTRON DIFFRACTION 143
5.8 DIRECT RESOLUTION OF THE CRYSTAL LATTICE CHREM') 146
5.9 EXPERIMENTAL METHODS 148
5.9.1 Transmission Electron Microscopy 148
5.9.2 Scanning Electron Microscopy 148
5.10 RESULTS 149
5.10.1 Clay Mineralogy 149
5.10.2 Iron Oxide Mineralogy of Untreated Soils 153
5.10.3 Election Microscopy Study of 5 M Boiling NaOH 165
Treated Residue
5.10.4 Electron Microscopy Study of HF Treated Residue 170
5.10.5 Beam Damage to Soil Iron Oxides. 170
-vi -
5.11 SUMMARY 174
5.11.1 Clay Mineralogy 174
5.11.2 Iron Oxide Mineralogy 174
CHAPTER 6 X - RAY DIFFRACTION 219
6.1 INTRODUCTION 219
6.2 GENERAL 220
6.3 PRINCIPLES OF X - RAY DIFFRACTION 220
6.4 CHOICE OF RADIATION. FILTERS AND MONOCHROMATORS 224
6.5 PROBLEM OF THE STUDY OF IRON OXIDE MINERALOGY OF 224
SOILS USING X - RAY DIFFRACTION
6.6 EXPERIMENTAL METHODS 226
6.6.1 Instrumentation 226
6.6.2 Sample Preparation 226
6.7 RESULTS 227
6.7.1 Clay Fraction 227
6.7.2 Residues from Iron Oxide Concentration Treatments 231
-vi i -
6.8 SUMMARY 238
6.8.1 Clay Mineralogy 238
6.8.2 Iron Oxide Mineralogy 239
CHAPTER 7 INFRARED SPECTROSCOPY AND DIFFERENTIAL 255
SCANNING CALORIMETRY
7.1 INTRODUCTION 255
7.2 GENERAL 255
7.3 EXPERIMENTAL METHODS 257
7.3.1 Infrared Spectroscopy 257
7.3.2 Differential Scanning Calorimetry 257
7.4 RESULTS 258
7.4.1 Infrared Spectroscopy 258
7.4.2 Differential Scanning Calorimetry 266
7.5 SUMMARY
7.5.1 Clay Mineralogy
7.5.2 Iron Oxide Mineralogy
267
267
267
-vi i i-
CHAPTER 8 GENERAL DISCUSSION 279
8.1 INTRODUCTION 279
8.2 GENERAL DISCUSSION 279
8.2.1 Soil Weathering and Clay Mineralogy 279
8.2.2 Engineering Properties 283
8.2.3 Iron Oxide Mineralogy of the Weathered Granites 287
8.2.4 Iron Oxide Formation in the Weathered Granites 290
8.2.5 Properties of the Iron Oxides 296
8.2.6 Interaction of Iron Oxides with Clay Minerals 299
REFERENCES 303
APPENDIX: EXAMPLE OF THE ESTIMATION OF A1 322
SUBSTITUTION FOR Fe IN GOETHITE
ACKNOWLEDGEMENTS
The work reported in this thesis was carried out in the Department of Civil 
Engineering and the Department of Chemistry at the University of Glasgow and 
the contributions of the staff members of both departments towards the final 
completion of the thesis is gratefully acknowledged.
I am deeply indebted to my supervisors, Dr. P. Smart (Civil Engineering) and 
Dr. J . R. Fryer (Chemistry), for their support and illuminating guidance durying 
the duration of the project. Their selfless criticisms, advice and contributions
based on their profound knowledge and years of experience have made the work
a worthwhile experience. I also thank them for their kind contributions to my
personal welfare.
I am very grateful to Dr. T. Baird for his advice and assistance and to
Dr. I. McConnochie for his advice and for his help with sample impregnation and
in arranging for thin sections for optical microscopy.
I thank Professor A. Coull, Professor D. Muir— Wood, Dr. D. R. Green,
Dr. P. D. Arthur and Dr. L. Tetley for their interest.
My thanks also go to my fellow workers in the Electron Microscopy group for
their useful discussions, and in particular Mr. D. Thom for his technical
assistance.
I am grateful to Mr. J . Gallagher and Mr. P. Ainsworth of the Geology
Department, and W. Henderson (Civil Engineering) for their technical assistance.
This study was made possible by an award of a commonwealth scholarship by the 
British Government and a study leave granted me by the University of Benin, 
Benin City, Nigeria, and I am grateful to both bodies and to the staff of the 
British Council who administered the scholarship.
Some of the work reported in the thesis were performed at the Macaulay Land 
Use Research Institute, Aberdeen. I therefore thank the Institute for the use of 
their equipment and the staff for their hospitality. In particular, I am very 
grateful to Dr. M. J. Wilson, Dr. W. McHardy, Dr. J . Russell, T. Fraser, and 
D. Duthie for their very valuable advice and the use of their expertise.
I thank the Geotechnical Control Office, Hong Kong for providing the soils used 
in the Investigation, and especially Dr. J . Massey and Dr. T. Irfan for their 
particular interest.
My gratitude goes to all the members of my family for their support and 
encouragement.
Finally, I thank all my friends and colleagues such as Dr. Babs Oyeneyin, Dr. 
Bayo Famiyesin, Joe and Airen Okungbowa, Dauda Oladepo, David and Yinka 
Kaye, John and Mel Seddon, Dr. M. Bouazza, Dr. H. Jasem, Dr. M. Wei, G. 
Frangopoulos, S. Gaderbouh, X. Leng, X. Xue, X. Bai, Z. P. Wu, A. Khan,
A. Bensalem, S. Djellab, Y. Zhou and Dr B. Zhang for their encouragement.
SUMMARY
This thesis describes the research work done on the mineralogy and properties of 
iron oxides in a weathered granite from Hong Kong Island. In general, after the 
initial introductory chapters, subsequent chapters present studies made using 
different techniques with one chapter discussing one technique.
Chapter 1 gives the Introduction to the research and presents a basis for 
the study as well as the aim of the research. The methodology used in 
accomplishing the aims is presented.
Chapter 2 reviews the past literature relating to the investigation. The 
structure of the different iron oxides as proposed by past workers as well as the 
occurence, properties and characteristics of iron oxides in the soil environment are 
reviewed.
In Chapter 3 descriptions of the soil materials are given in order to
provide a framework of reference for the main part of the work. The sampling
methods and both the field and laboratory descriptions of the soils used in the 
study are provided together with a brief geology of the sampling site. The initial 
sample preparation done prior to testing the soils has been outlined and results 
of preliminary tests such as particle size analysis and scanning electron microscopy 
presented.
Chapter 4 presents the aspect of the investigation where wet chemistry was 
used to provide additional information which helped in explaining some of the 
observation of the main techniques used. The chemical tests perfomed included
concentration methods for the iron oxides using the 5 M boiling NaOH and HF
methods, selective dissolution using dithionite citrate bicarbonate and acid 
ammonium oxalate methods, and determination of the chemical contents of the
untreated soils and residues obtained from the different treatments. pH and 
organic content determination of the soils were also performed.
Chapter 5 presents the electron microscopy study on the different fractions 
of the soils. The method has the advantage of allowing direct observation of the 
particles being studied. The theories explaining the acquisition of images in the 
transmission electron microscope are included. The experimental methods used 
for transmission and scanning electron microscopy are also presented. 
Complementary results of scanning electron microscopy are also given. The clay 
minerals and iron oxide minerals were identified on the basis of data provided by 
electron diffraction and lattice images, and the morphology of the different 
minerals is described.
Chapter 6 presents X— ray diffraction analysis on the samples. The 
technique complements electron microscopy in the identification of the mineralogy 
of the various soil components. Furthermore X— ray diffraction made it possible 
to estimate A1 substitution for Fe in the iron oxide structure, a property that 
helped in explaining the formation and occurence of the iron oxides in the soils. 
The experimental technique and testing procedures are given and the results 
presented and discussed.
Chapter 7 gives the details of the infrared spectroscopy and differential 
scanning calorimetery study of the soils. Both methods allowed a study of the 
mineralogy of the clays and iron oxides in the soils, thereby complementing the 
work done using electron microscopy and X— ray diffraction. Some additional 
information on particle size of some of the clay minerals was also obtained. The 
characteristics of the infrared vibrations and DSC traces of the iron oxides have 
been explained on the basis of some peculiar properties of the oxides.
Chapter 8 presents a general discussion on the basis of the collective
— Xlll—
results obtained from using the different analytical techniques. The chapter also 
serves as a summary for some of the results presented earlier in the different 
chapters. Important conclusions drawn from these results are presented and
discussed.
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1CHAPTER 1 
INTRODUCTION
1.1 GENERAL
Iron oxides are very important constituents of soils and have been known 
to influence various soil properties. The colours of many soils are due to the 
presence of iron oxides in one form or the other, and these colours are used in 
many soil classification systems. Although several researches have been conducted 
into the properties of iron oxides (some of these are reviewed in Chapter 2) 
there are still uncertainties about various aspects involving the occurbnce and 
properties of these oxides in the soil environment. Also, due to the ease of 
controlling the environmental conditions in a synthetic system many researches 
into the properties and behaviour of iron oxides have been conducted using 
synthetic systems, and it is desirable to conduct more tests on natural iron oxides 
in order to determine if the relationships obtained from the synthetic systems 
apply to the natural environment.
In the present research different analytical techniques comprising low 
magnification and high resolution electron microscopy and electron diffraction and 
scanning electron microscopy, X— ray diffraction, infrared spectroscopy, differential 
scanning calorimetry and various chemical methods have been employed on a 
granitic weathering profile from a subtropical site in Hong Kong in order to 
elucidate the mineralogy and properties of the iron oxides in the soil. The 
sampling of the various iron oxide fractions (e.g mottles and dispersed forms) in
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the soil and application of the techniques listed above have revealed some new 
evidence about the occu^fence and properties of iron oxides in the soil 
environment. Direct observation under the electron microscope has allowed a 
study of the morphology and crystal sizes of the soil iron oxide particles. Results 
from chemical tests have allowed postulations on the formation and occu^nce of 
the different iron oxide minerals and their interrelationship with various other soil 
components. A1 substitution for Fe in the iron oxide structure was determined by 
X— ray diffraction and some structural aspects of the minerals determined.
In addition to the work on iron oxides, some aspects of clay mineralogy 
and engineering properties of the weathered granites have been studied. This 
study has enabled the mineralogy of the soils at the different weathering states to 
be obtained and, based on this, a probable weathering path for the different 
primary minerals in the original fresh rock has been postulated. Information on
some engineering properties such as soil structure and particle size has been
obtained from transmission and scanning electron microscopy observations.
1.2 AIMS OF THE PRESENT STUDY
The overall objective of the investigation was to conduct a study that will 
lead to a better understanding of the role of iron oxides in soils. It was thought 
that a systematic study that included the mineralogy and character of the iron
oxide minerals and their arrangements relative to one another as well as other 
minerals from the early stages of their formation to the late stages in the residual 
soils was desirable. The present study has concentrated on determining the 
mineralogy and character of the iron oxides in the soils by using several modern 
techniques and opened the way to further studies that would lead to the
fulfilment of the overall objective. Incidental to this immediate objective, the
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clay mineralogy and micromorphology of the soils were studied in order to relate 
the findings to some of their engineering properties.
1.3 METHOD OF STUDY
In order to accomplish the objectives stated above, a young, weathered 
granitic profile was obtained from subtropical Hong Kong through the 
Geotechnical Control Office, Hong Kong. The profile is described in Section 3.2. 
The main techniques used to determine the mineralogy and character of the iron 
oxides were transmission electron microscopy, high resolution electron microscopy, 
electron diffraction, X— ray diffraction techniques and differential thermal analysis. 
Some wet— chemical methods, scannining electron microscopy and petrographic 
methods were done to complement the main techniques. A summary of the 
experimental programme that led to the conclusions of the study is given in the 
flow chart in Figure 1.1.
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5CHAPTER 2 
LITERATURE REVIEW
2.1 INTRODUCTION
This chapter reviews the literature of some past work that are related to 
the present investigation. The structural aspects of the iron oxides and 
oxyhydroxides are discussed in Section 2.2, and the crystal structures of the 
different forms of iron oxides and oxyhydroxides as determined from previous 
investigations are given. Section 2.3 discusses iron oxides in the soil environment, 
and highlights the formation and stability as well as the character of the different 
phases of iron oxide in the pedogenic environment. Phase transformation under 
different soil conditions and cation substitution of the Fe in the iron oxide 
structure are also discussed.
2.2 STRUCTURE OF THE IRON OXIDES AND OXYHYDROXIDES
The structure of most of the Fe oxide minerals can be described in terms 
of hexagonal close packed planes of O atoms stacked one on top of the other 
with Fe occupying the interstitial octahedral and, in some cases, tetrahedral sites. 
Table 2.1 gives the crystallographic data and occurence of some of the major 
iron oxide minerals, while Table 2.2 gives the powder diffraction data for some 
of these oxides. The stacking of the hexagonal close packed O planes in the 
third dimension can be either hexagonal (ABABAB...) or cubic (ABCABC...), see 
Table 2.1 (Fasiska, 1967; Eggleton et al; 1987). Often hexagonal and cubic
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polymorphs exist. Lindsley (1976) has reviewed the structure of the Fe and Ti 
oxide minerals and the structures of some of the iron oxides and oxyhydroxides 
are given below:
2.2.1 Wustite. FeO (Cubic)
Wustite ideally has the NaCl structure with four Fe^+  and four O^-  ions 
per unit cell, but it is always deficient in iron (Jette and Foote, 1933; Willis and 
Rooksby, 1953; Roth, 1960; Kassim, 1982). The structure may be described as a 
stacking of close—packed planes with an (ABCABC...) sequence along the [111] 
direction. The structure may be regarded as two interpenetrating f.c.c. lattices, 
one of oxygen and the other of iron (Fasiska, 1967). FeO is a defect structure, 
consisting of both cation vacancies in octahedral sites and interstitial cation
(Fe^+ ) in tetrahedral sites. The composition may be described by FexO where x 
lies in the range 0.83 to 0.98, depending on the method of preparation (Fasiska, 
1967; Wells, 1962). This variable composition produces a range of a0 varying 
from 0.428 to 0.431nm (Table 2.1). X—ray powder data (Table 2.2) for
^ e o.9 5^ , indicated that Wustite has a cubic structure with unit cell dimension ^  
=  0.430nm (Rooksby, 1972).
2.2.2 Hematite. or-Fe^Oj (Trigonal)
The structure of hematite (a— F e 20 3) was determined using the technique 
of X—ray diffraction by Bragg and Bragg (1918). The structure was confirmed 
by Pauling and Hendricks (1925) who determined the crystal structure to be
trigonal or rhombohedral with space group R3C. This structure was later 
confirmed by Blake et. al. (1966) who gave the trigonal unit cell dimension of a0
=  0.5038 ± 0.0002nm, and c0 =  1.3772 ±  0.0012nm.
Hematite consists of hexagonal close packed planes of O atoms stacked in 
an ABAB... sequence along [0001] with Fe(III) ions occupying octahedral sites.
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Only 2/3 of the possible octahedral sites are occupied (Figures 2.1 a,b), giving a 
dioctahedral arrangement (Eggleton et al; 1987). Each Fe(III) is surrounded by 6 
O atoms and each O is shared by 4 Fe(III) ions. Planes of Fe atoms are 
shifted by one octahedral site in each successive layer along [0001] as illustrated 
in Figure 2.1b. Each F eO s octahedron shares 3 edges with three neighbouring 
octahedra in the [0001] plane and shares a face with an FeO 6 octahedron in the 
adjascent layer. Hematite belongs to the hexagonal unit cell system (Table 2.1), 
but it can also be indexed in the equivalent rhombohedral system (Eggleton et al; 
1987). Tallman and Gulbransen (1967) calculated that the corresponding 
rhombohedral structure had a unit cell dimension of a0 =  0.5469nm and a = 
55° 13.9'.
Both the O and Fe sublattices of the hematite structure are distorted from 
the ideal arrangement shown in Figure 2.1 a,b. Iron atoms in octahedra which 
share faces are repelled from one another so that the Fe atoms lie closer to the 
unshared faces of the octahedra than the shared faces. Figure 2.1c best 
illustrates the distortion of the Fe sublattice. The distortion of the O sublattice 
is illustrated by the 5 shaded circles and is best seen when the structure is 
projected onto the (0001) plane (Figure 2.Id). The circles representing the O 
atoms are drawn just large enough so that the 3 spheres defining the shared face 
just touch one another. When this is the case, the three spheres defining the 
unshared face of the adjascent octahedron are separated from one another, 
illustrating the larger size of the unshared face (Eggleton et al; 1987).
2.2.3 Ilmenite. FeTiOj (Hexagonal)
The structure of ilmenite was reviewed by Lindsley (1976). It has 
essentially the same structure as hematite except that one—half of the Fe ions 
are replaced by Ti. The Fe and Ti are ordered such that along [0001] (the 
c— axis) there are alternating layers of Fe and Ti. The Fe is present in the
Chapter 2: Literature Review
structure as F e 2"1" while Ti is present as T i4+ (Eggleton et al; 1987).
2.2.4 Magnetite. F eJQ 1 (Cubic)
The structures of magnetite (F e 30 4) and maghemite (F e 20 3)are closely 
related. Both belong to the spinel group of minerals. Magnetite has the inverse 
spinel structure, with 8 Fe^+  ions distributed in octahedral sites and 16 Fe^+ 
ions, in which 8 are in octahedral sites and 8 in tetrahedral sites. F e 30 4, 
therefore, is better known as (Fe^+ )tet[Fe^+ Fe^-*- ]o c  ^ 0 4 (Wells, 1962;
Greenwood, 1970). The structure may be described as a stacking of close packed 
oxygens with an ABCABC... sequence along the [111] direction (Figure 2.2)
(Fasiska, 1967). Magnetite is also a defect structure with a narrow range of 
composition, the F e :0  ratio varying from O.750 to 0.744, depending on the cation 
impurities and methods of preparation (Wells, 1962; Greenwood, 1970). This 
variation in composition produces a range of a0 from 0.8397 to 0.8394nm.
X—ray diffraction data obtained by Basta (1957) for magnetite, indicated that it 
has a face—centred—cubic structure with unit cell dimension a0 =  0.83963 ±
0.00005nm.
2.2.5 Maghemite. ^ “ Fe^Oj (Spinel, cubic or tetragonal!
The structure of maghemite is more variable than that of the other Fe 
oxides. X—ray diffraction studies, indicated that 'y ^ F e 20 3 had a spinel—like 
structure (Verwey, 1935; Haul and Schoon, 1939). The spinel structure essentially 
consists of a face— centred cubic lattice of oxygen ions plus cations in interstitial 
positions, of which there are two types. In one, the cation is surrounded by 
four oxygen ions located at the corner of a tetrahedron and in the other six 
oxygen ions located at the vertices of an octahedron surround the cation (see 
Figure 2.3). ^  Fe 20  3 is a defect structure with the F e :0  ratio varying from
0.67 to 0.72 depending on the cation impurities in the lattices, including the
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possible presence of hydrogen ions (protons) and of ferrous ions (Bloom and 
Goldberg, 1965; Fasiska, 1967; Morrish, 1980).
In ^ F e 2o 3 there are 21 2 / 3  Fe(III) ions distributed amongst the 8 
tetrahedral and 16 octahedral sites; 2 2 / 3  sites per unit cell are vacant. The 
distribution of the vacancies are still controversial (Eggleton et al; 1987). The 
vacancies could occur in either octahedral sites, tetrahedral sites or both. They 
are generally considered to occur in the octahedral sites ( Verwey, 1935; Coey, 
1987). According to Eggleton et al. (1987) both cubic and tetragonal structures 
of maghemite may be possible depending on whether the vacancies are ordered or 
not. Random arrangement of vacancies gives rise to the cubic structure, while 
the tetragonal structure requires the ordered arrangement of vacancies.
The unit cell aQ parameter ranges from 0.830 to 0.835nm which Lindsley 
(1976) attributes to a continous solid solution series between magnetite (aQ = 
0.8396nm) and maghemite. The higher a0 values are probably from maghemites 
which contain some Fe(II) (Eggleton, et al; 1987).
2.2.6 Goethite. or- FeOOH (Orthorhombic!
The structure of goethite was described by Hoppe (1941, 1942), and later 
refined by Forsyth et al. (1968) and Szytula et al. (1968). Goethite is isostructural 
with diaspore (cr- AlOOH) and consists of hexagonally close packed planes of O
atoms stacked in an ABAB... sequence along the [100] direction (Eggleton et al;
1987). The Fe(III) ions occupy octahedral sites and are arranged in double rows 
which run along [001] (Figure 2.4a,b). Adjascent double rows within a layer are 
separated by a double row of empty octahedral sites. Occupied and unoccupied 
octahedral sites alternate in succesive layers to give the pattern illustrated in 
Figure 2.4a. The structure can be double chains of octahedra along the c— axis 
which are joined to other double chains by sharing corners (Figures 2.4, 2.5, and
2.6). There are two kinds of O sites (Fig. 2.5): O j sites where O atoms are
10
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shared between octahedra in two difeerent double chains, and O jj where O  is 
shared by octahedra in the same chain (Eggleton et al; 1987).
The real structure is distorted from the idealized structure such that the 
O j j — O j j  distances are shorter than the other 0 — 0  distances (Figure 2.5). The 
effect is that of pinching in the middle of each double chain together. The 
double chains are also twisted slightly relative to each other, effectively shortening 
the O j _ O j j  distance (Eggleton et al; 1987). This shortened Oj— O j j  distance has 
been shown (Busing and Levy, 1958; Forsyth et al; 1968) to be the site of the H 
bond postulated by Ewing (1935b) for the isostructural mineral diaspore 
(a—AlOOH). The O j— O j j  distance is 0.276nm and the O j j — H distance is 
0.099nm (calculated from the data of Forsyth et al; 1968) (Eggleton et al; 1987). 
The H atom does not lie on a line joining the the O j— O j j  atoms, but lies on a 
line making an angle of about 11.6 degrees with the O j^ O j j  vector. The H 
atoms spend most of their time near the O j j  atoms so that the O j j  sites can be 
considered the hydroxyl sites. All H bond sites are structuraly equivalent, but the 
H bonds point in two different directions in the crystal.
2.2.7 Lepidocrocite. v— FeOOH (Orthorhombicl
Lepidocrocite is the second common polymorph of FeOOH. Its crystal 
structure was determined by Ewing (1935a) using X—ray diffraction methods. 
The structure was later reexamined by Oles et al. (1970) using neutron diffraction 
methods and also by Christensen and Christensen (1978). The planes of O atoms 
are stacked in an ABCABC... sequence (cubic stacking) along [150]. The F e 3+ 
atoms occupy octahedral sites and are arranged in double rows along [001] as in 
goethite (Figure 2.7a,b) (Eggleton et al; 1987). The double rows in successive 
layers are arranged as illustrated in Fig. 2.7a. Like goethite, the lepidocrocite 
structure is described as having double chains of octahedra along the c— axis. 
The octahedra chains in lepidocrocite share edges instead of corners as in goethite
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(Eggleton et al; 1987). Thus, the chains in lepidocrocite are joined to form 
corrugated layers as illustrated in Figures 2.7, 2.8 and 2.9. The H atoms are 
located in these layers and H bonds hold the layers together. These H bonds 
are represented as tubes in Figure 2.8.
There are two kinds of O sites: the O j sites lie within the corrugated 
actahedral layer, while the O jj sites define the outer planes of the octahedral 
layer (Figure 2.8). Ewing (1935a) postulated that the H+  ions lie centred 
between adjascent O jj ions, an arrangement confirmed by Oles et al. (1970). 
Christensen and Christensen (1978), however, re-exam ined  the structure also 
using neutron diffraction and concluded that the H+  ion is more likely to be 
closer to one of the O jj sites than the other. This arrangement is illustrated in 
Figure 2.8. For an O j j — H . . . O j j  distance of 0.268nm, the O—H distance is 
0.093nm and the H ...O  distance is 0.175nm. This is general agreement with 
H— bond lengths in goethite. The H+  ion lies on a line joining the two O j j  
sites and is not bent as it is in goethite (Eggleton et al; 1987).
2.2.8 Akaganeite. 6— FeOOH (Tetragonal!
The structure of akaganeite was discussed in detail by Burns and Burns 
(1977, 1981) and Murray (1979). Other works on the crystal structure and 
morphology of the mineral include those by Watson et al. (1962), Gallagher 
(1970) and Galbraith et al. (1979). X—ray powder diffraction studies by Mackay 
(1960) showed that 0— FeOOH is isostructural with the Mn mineral hollandite 
(BaM n80 16), with a tetragonal unit cell a0 =  1.048nm, c0 =  0.3023nm and
space group I 4/m. More recently refined Mossbauer and X—ray data obtained by 
Murad (1979) gave unit cell dimensions a0 =  1.0535 ± 0.0002nm and c0 = 
0.3030 ± 0.0002nm. The structure projection on the (001) face, (Figure 2.10), 
indicates that the Fe(III) ions are octahedrally surrounded by six oxygen or 
hydroxyl ions. These octahedra are linked to form double strings parallel to the
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c — axis and each octahedron shares two edges with octahedra in the 
neighbouring string. The double strings are joined by sharing corners (Mackay, 
1960).
2.2.9 Ferrihvdrite and Ferroxvhvte (5—FeO O H l. (Hexagonal!
The structures of ferrihydrite and ferroxyhyte are not as well understood 
as those of the other Fe oxide minerals (Eggleton et al; 1987). Three different 
formulae were earlier proposed for ferrihydrite: H F e5O 0.4H 2O for a synthetic 
product (Towe and Brandley, 1967), F e 5( 0 4H 3 )3 for a natural one (Chukrov et 
al; 1972) and F e 20 3.2 F e0 0 H .2 .6 H 20  again for a synthetic product (Russell, 
1979). Van der Giessen (1966) proposed a cubic unit cell for 6—line ferrihydrite 
but did not suggest a structure. Towe and Bradley (1966), using X—ray 
diffraction methods, suggested a pseudohexagonal unit cell (a =  0.508nm, c =
0.940nm) and a crystal structure, based on that of hematite, where F e 3+ ions
occupy octahedral positions of a hexagonal close packing in such a way, that in 4 
successive repeat layers the portions of occupied positions are 2/3, 1/3, 1/3, 1/3. 
It was believed that the corners of octahedra was occupied by O atoms and
molecules of H 20  (Figure 2.11). Thus the structure is described by the formula
H F e50 8.4H 20  (Chukrov et al; 1972). Chukrov et al. (1972) expressed 
reservations about this proposed structure and postulated some other possibilities 
based on the observations of the previous authors. Towe and Bradley (1967) 
reported general agreement between calculated and observed XRD intensities, but 
gave no atomic coordinates. They found no evidence for structural OH and 
concluded that the nine hydrogens in the formula were all present as water 
(Eggleton and Fitzpatrick, 1988). Russell (1979), using infrared methods, has 
since shown that about half the hydrogen is present as OH; he therefore 
suggested the formula F e 20 3.2F e00H .2 .6H 20  for ferrihydrite.
Simultaneously with the publication of the Towe and Bradley model,
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Harrison et al. (1967) presented a model for the ferric oxyhydroxide core of 
ferritin (a metallo— protein) based on XRD evidence and a composition of 
FeO(OH). Their model has a =  0.296nm and c =  0.940nm, a cell similar to
that of Towe and Bradley but with 'a ' of Towe and Bradley =  73a of Harrison
et al. The structure they proposed is based on double hexagonal closest packing 
of oxygens (a stacking sequence ABAC), with iron distributed randomly among all 
the octahedral and tetrahedral sites of the close— packed array. Brady et al. 
(1968) reported a third model from radial distribution function analysis of 
ferrihydrite formed by hydrolysis of of ferric nitrate. They concluded that all the 
iron was in tetrahedral coordination with an Fe—O distance of 0.21 Onm. By
contrast, Gray (1971) used electronic adsorption spectroscopy to rule out
tetrahedrally coordinated iron. Eggleton and Fitzpatrick (1988) proposed a model 
derived largely from consideration of X— ray powder diffraction data. The model 
proposed is based on double— hexagonal close packing of oxygens and hydroxyls 
(ABAC), as in the Harrison et al. structure. Two sheets of mixed octahedrally 
coordinated iron are connected by two sheets of mixed octahedral and tetrahedral 
iron in the ratio 5 tetrahedral : 2 octahedral similar to that in spinels and in so 
called 0— alumina (Eggleton and Fitzpatrick, 1988). They proposed a trigonal 
unit cell with a =  0.508nm, c = 0.940nm, but that a smaller unit cell, a = 
0.296nm equally well described the XRD data. The authors also reported that 
absorption edge spectrum suggested a similar tetrahedral iron content to that of 
maghemite (i.e 37.5%  Fe). The model, derived from XRD intensties, had 36% 
tetrahedral iron. Cardile (1988) using Mossbauer spectroscopy and ferrihydrite 
synthesised by the same method as Eggleton and Fizpatrick however reported that 
Mossbauer spectral data could not confidently diffrentiate between octahedral and 
tetrahedral iron in ferrihydrite nor demonstrate conclusively that tetrahedral iron 
was present in the sample, and Manceau et al. (1990) criticised some of the 
methods used by Eggleton and Fitzpatrick (1988) in arriving at their conclusion.
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In reply Eggleton and Fitzpatrick (1990) defended their techniques and
interpretations, but stressed that their proposed model should be regarded as
tentative. In conclusion, all the structures proposed so far for ferrihydrite are
speculative and none has yet been proven. There is therefore a need for further 
work in the determination of the structure of ferrihydrite.
Ferroxyhite also consists of hexagonal— close— packed layers of O 2—, 
OH-  , and H 20  with Fe(III) occupying octahedral positions and has a structure 
similar to hematite. The Fe in ferroxihyte is almost completely randomly
distributed and the repeat is only 2 planes of O atoms (c =  0.460nm). In the
feroxyhite the a dimension is taken as 0.293nm (Eggleton et al; 1987).
2.3 IRON OXIDES IN THE SOIL ENVIRONMENT
Because Fe is amongst the most stable elements formed by nuclear fusion, 
it has a high cosmic and terrestrial abundance. Iron is the most abundant 
element in the earth as a whole and the fourth most— abundant element in the
earth 's crust (Murad and Fischer, 1987). The average Fe concentration in the
earth 's crust is 5.09 mass % (Ronov and Yaroshevsky, 1969), corresponding to 
1.87 atom % . The relative amounts of iron in the different rock types has been 
discussed by Turekian and Wedepohl (1961); Ronov and Yaroshevsky (1969); 
Garrels and Mackenzie (1971) and Sibley and Wilbrand (1977) while
concentrations in the aquatic environment have been discussed by Lewis and 
Goldberg (1954) and Livingstone (1963). Iron is a major constituent in soils and 
is reported to range from 0.7 to 55% mass with a selected average of 3.8% 
(Lindsay, 1979). In primary soil minerals Fe occurs largely as ferromagnesium 
silicates in which Fe is present as reduced Fe(II). Weathering of these minerals 
releases Fe which oxidizes and precipitates largely as Fe(III) oxides and 
oxyhydroxides (Lindsay, 1987). Iron oxides in soils significantly influences both
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the physical and chemical properties of the soils. The colour of many soils is 
due to the presence of iron oxide and this has been used extensively in soil 
classificaton (Schwertmann, 1985). Also, the abundance of iron oxides in some 
tropical soils may be responsible for their unique engineering properties. The 
occurence, formation and interaction of iron oxides with other minerals in the soil 
environment are discussed below.
2.3.1 Occurrence
The crystal structure of the different forms of iron oxides was discussed in 
Section 2.2. Although all of these forms can be synthesised in the laboratory, 
some of them have not been identified in the pedogenic environment and some 
occur more frequently than others. The different forms of iron oxides that occur
in the soil environment are indicated in Table 2.1 and the usual Munsell colours
of the common iron oxides are given in Table 2.3. The iron oxide forms that 
have been found in soils include:
(a) Goethite
Goethite (or- FeOOH) is the most frequently occuring form of iron oxide 
in soils. Thermodynamically it has the greatest stability under most soil 
conditions (Schwertmann, 1977). Goethite occurs in almost every soil type and 
climate region and is responsible for the yellowish— brown colour of many soils. 
It may be dispersed evenly throughout the soil, or as with all the oxides be 
concentrated in certain horizons or structural forms, nodules, pipe— stems etc.
This concentration may occur in initial development of the soil, or may proceed
from a uniformly dispersed system due to a change in soil forming factors. The 
high concentrations of goethite may assume dark brown and even black colours, 
but they generally give the yellow— brown streak typical of the mineral 
(Schwertmann and Taylor, 1977).
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Synthetic goethite is always acicular with the Z — axis crystal direction lying 
along the needle axis (van Oosterhout, 1960). This acicular morphology is also 
found in soils, although the needles are usually poorly developed. However, 
scanning electron micrographs show that the needle— like crystals are more 
prevalent where they have been able to develop in a void (Eswaran and Raghu 
Mohan, 1973), possibly due to reduced interference from the immediate 
environment (Schwertmann and Taylor, 1977).
(b) Hematite
Hematite (a— F e 20 3) which is the second most frequent form of iron 
oxide in soils is associated with goethite in many reddish soils. Unlike goethite, 
which is apparently not restricted to any climatic region, hematite appears to be 
absent in soils recently formed under a humid temperate climate such as in 
nothern and mid— Europe and the nothern part of the American continent 
(Schwertmann and Taylor, 1977). According to Schwertmann (1987), the 
influence of temperature and moisture partly explains the climatic distribution of 
hematitic (reddish) and non— hematitic, i.e goethitic (yellowish— brown) soils. 
Accordingly, a tentative boundary can be drawn in the Northern Hemisphere, at 
approximately 40°N, latitude separating recent non—hematitic soils from hematitic 
soils (Schwertmann, 1987). A similar line was defined for the Southern 
Hemisphere (Fitzpatrick, 1987).
Hematite colours the soil red and has a greater pigmenting effect than 
goethite so that even low concentrations of it in goethitic soils change the hue to 
redder than 5YR. The pigmenting effect of hematite is particularly high when it 
occurs in a finely dispersed form. In denser accumulations, it generally appears 
much darker. As with goethite, typical crystal shapes of hematite are only 
weakly expressed, and isodimensional particles much less than 0 . 1  ym  in diameter 
prevail. These particles sometimes show a hexagonal outline whereas hexagonal
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plates at various stages of development are common for synthetic hematites 
(Schwertmann and Taylor, 1977).
(c) Lepidocrocite
Lepidocrocite ( y  FeOOH) occurs in soils less frequently than goethite or 
hematite (van der Marel, 1951; Brown, 1953; Schwertmann, 1959b). It is 
metastable with regard to goethite (AGf =  —114 kcal/mol as against
— 117kcal/mol for goethite). However, if kinetically favoured it will easily form 
in pedogenic environments and due to slugish kinetics it may be stable even for 
pedogenic times. This can be deduced from its occurence in many soils all over 
the world where it often can be recognised by its orange colour (7.5YR)
(Schwertmann, 1985). It is often associated with its polymorph goethite, 
sometimes with ferrihydrite, but rarely with hematite. It occurs in mottles, 
bands, pipestems (hollow, tubular Fe accumulations around roots), and concretions 
just like the other Fe oxides, but in contrast to these it is rarely evenly dispersed 
over the whole soil matrix (Schwertmann, 1987b). This local concentration of
lepidocrocite indicates that it characteristically occurs in soils mainly in the
temperate and subtropic regions in which Fe is heterogeneously distributed due to 
reductomorphic processes (Van der Marrel, 1951; Brown, 1953; Schwertmann, 
1959; Schwertmann and Fitzpatrick, 1977; Fitzpatrick et al; 1985).
Lepidocrocite forms from the oxidation of precipitated F e 2+ hydroxy 
compounds and appears to be restricted to hydromorphic soils where the presence 
of F e 2+ is generated due to oxygen deficiency. In fact the occurence of 
lepidocrocite is indicative of hydromorphic conditions. It is commonly found in 
gleys and pseudogleys (surface water gleys), particularly those high in clay, but it 
has not been reported in calcareous hydromorphic soils where goethite forms
instead (Schwertmann and Taylor, 1977).
Macroscopically, lepidocrocite occurs as bright orange mottles or bands.
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Under the electron microscope the crystals resemble those formed synthetically by 
oxidation of F e 2-t_ salt solutions at pH 5—7 and ambient temperature. They 
appear as highly serrated elongated plates, 0 .1 — 0.7pan in length and of variable 
thickness or as laths or starlike twins (Schwertmann, 1973). The lath axis is the 
crystallographic Z— axis direction (van Oosterhout, 1960). In contrast to goethite, 
lepidocrocite in soils are usually reasonably well crystallized (corrected width at 
half—height of the (020) line at 6.27A is around 0.2— 0 .3°,26. Lepidocrocite of 
much lower crystallinity does form, however, if the rate of oxidation and thus the 
rate of crystallisaton is high. A higher rate of F e 2+ supply and a faster 
oxidation are most likely to occur in the air— conducting coarse pores whereas 
within the aggregates the rate may be much lower (Schwertmann, 1985). Even 
lower crystallinities of lepidocrocites were found in ochreous deposits which form 
by rapid oxidation of F e 2+ — bearing waters as they appeared at the surface 
(Schwertmann and Taylor, 1977; Schwertmann and Kampf, 1983). Thus, 
according to Schwertmann (1985), the crystal size of lepidocrocite may function as 
an indicator of rate of aeration in pedogenic environments although other factors 
such as pH (the lower the pH, the less well crystallised, Schwertmann and 
Thalmann, 1976) will also be of significance.
(d) Ferrihydrite
Several occurences of ferrihydrite in soils and other natural surface 
environments have ben described, such as in ochreous precipitates from 
F e 2 + — containing cold and thermal waters (Chukrov et al; 1974; Henmi et al; 
1980; Carlson and Schwertmann, 1981; Childs et al; 1982; Murad 1982), drainage 
precipitates (Susser and Schwertmann, 1983), hydromorphic soils (Schwertmann et 
al; 1982), podzols (McIntosh et al; 1983; Campbell and Schwertmann, 1984; 
Kassim et al; 1984), and pelagic clay sediments (Johnson and Glasby, 1982). 
According to Schwertmann (1985) ferrihydrite appears to be an indicator of
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pedogenic environments in cool or temperate, moist climates characterised by 
young Fe oxide formations and soil solutions relatively rich in compounds 
(organics, Si, etc.) hindering the immediate formation of goethite and
lepidocrocite. It occurs in nature either as the sole Fe oxide or in close 
association with goethite or lepidocrocite. Although it is considered a necessary 
precursor for hematite it has not been positively identified with this mineral so 
far. The reason for this is probably that the transformation of ferrihydrite, once 
formed, to the much more stable hematite is is much faster than the formation 
of ferrihydrite itself (Schwertmann, 1985).
The mineral appears as a rusty, voluminous precipitate rich in adsorbed 
water and often rich in adsorbed inorganic ions and organic matter. It forms 
very small (50—100A diameter) spherical particles with a high surface area
(200— 350m2/g) (Schwertmann and Taylor, 1977). These particles are generally 
highly aggregated and are 90—100% soluble in ammonium oxalate (Schwertmann 
and Fischer, 1973).
(e) Maghemite
Maghemite is the cubic, ferrigmatic form of F e 20 3 (7 —F e 20 3). It 
occurs frequently in tropical and subtropical soils (Bonifas and Legoux, 1957;
Adetoye, 1970; Taylor and Schwertmann, 1974; Fitzpatrick, 1978; and Coventry et 
al; 1983), but has occasionally been identified in the soils of the humid temperate 
areas as well (Van der Marel, 1951; Schwertmann and Heinemann, 1959;
Schwertmann, 1987b). It is especially common in highly weathered soils of 
tropical and sub— tropical soils of Hawaii, Australia, India, Africa, and Lebanon. 
In temperate regions the mineral has been found in soils in Holland, Germany, 
Japan, Russia, and Canada. Occurences in soils formed from basic igneous rocks 
seem to prevail in all these regions. The mineral is reddish— brown (see Table 
2.3 for Munsell hue) and ferromagnetic. It may be finely dispersed or in
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concretions frequently in association with hematite. Highly opaque isodimensional 
particles similar to synthetic maghemite can be observed under the microscope 
(Schwertmann and Taylor, 1977). A detailed review of the occurence and 
formation of maghemite is given in Taylor and Schwertmann (1974) and 
Schwertmann (1987b).
(f) Akaganeite
Akaganeite ((3—FeOOH) has the same composition as goethite and 
lepidocrocite, but is structurally different. It has been identified in mineral
deposits (Mackay, 1962),but not as yet in soils (Schwertmann, 1977).
(g) Magnetite
Magnetite (F e 30 4)in soils usually is considered lithogenic, and no 
pedogenic magnetite has yet been detected (Schwertmann, 1987b). However,
magnetite has been identified in bacteria and other organisms (Loewenstam, 1962; 
Blakemore, 1975; Towe and Moench, 1981).
2.3.2 Formation
The primary reaction through which F e 34- oxides are formed is the 
hydrolytic and oxidative decomposition of F e 2+ — containing primary minerals 
(mainly F e 2+ silicates) through the reaction:
F e 2+ -O -S i + H 20 +- 5 —  — F e 3+ OH +  -S iO H  +  e~  [2.1]
(F e2+ silicate) (F e 3+ oxide)
The degree to which this irreversible reaction has taken place varies widely 
between weakly and strongly developed soils and is useful for characterising the
degree of weathering (Schwertmann, 1985). Once formed, the F e 3-1" oxides can
be dissolved either through (microbial) reduction to F e 2+ or through
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complexation by organic ligands. Both, F e 2-h and Fe—organic complexes may 
again be the source for F e 3+ through re— oxidation (Eq. 2.2) or hydrolytic 
decomposition (Eq. 2.3), respectively:
Just like every chemical reaction all these F e 3+ oxide— forming reactions are 
governed by the reaction conditions which, in this sense, are pedogenic factors 
(Schwertmann, 1985). An understanding of the conditions and modes leading to 
the formation of the various iron oxides may indicate present and/or past 
conditions prevailing in a particular soil environment (Schwertmann and Taylor, 
1977). Although the different forms of iron oxides have been synthesised 
successfully in the laboratory (Towe and Bradley, 1967; Fischer and Schwertmann, 
1975; Baird et al; 1977; Schwertman, 1987a), the conditions do not exactly 
correspond to those obtained in the soil environment. Synthesis and 
thermodynamic considerations can be used to deduce the formation of iron oxides 
in soils. A diagram for the formation of some of the iron oxides based on the 
results of synthesis experiments was given by Schwertmann and Taylor, 1977 (see 
Figure 2.12). Under equilibrium conditions, compounds will form which are 
thermodynamically most stable. However, conclusions deduced from stability 
diagrams constructed from known thermodynamic data often disagree with what 
actually happens in a soil. This may be due either to differences in free energy 
data arising from particle size or impurity effects in soil phases, or to the 
non— attainment of equilibrium between these phases and the environmental 
solution due to slow reaction rates (Schwertmann and Taylor, 1977). The later 
effect often occurs when soil minerals are inherited from an earlier weathering 
cycle where conditions differed from the present, for example, the subjection of a
F e 2+ +  H 20 +- —  — F e 3+ OH +  H+ +  e+ [2.2]
F e 3+ -  O -  C -  R +  H 20 F e 3+ OH +  H O - C - R [2.3]
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highly weathered tropical soil to drier conditions as has occured in many parts of 
Australia (Veen, 1973). Furthermore, transformation of kinetically favoured 
metastable phases to more stable ones may be extremely slow (Schwertmann and 
Taylor, 1977). The formation of some of the iron oxide forms are discussed 
below.
(a) Goethite
Goethite (a— FeOOH) is the most stable of iron oxides. It is synthesised 
from Fe 2+ compounds under conditions that rule out precipitation of other F e 3+ 
minerals from the solutions: (1) at very slow rate of F e 2+ oxidation, and (2) at 
very low or very high pH values (Chukrov et al; 1975). Although the actual 
conditions that lead to the formation of goethite in soils are still not well known, 
available data appear to suggest that, depending on further system parameters and 
climatic factors, goethite in soils may be formed from:
(i) oxidation of F e 2+ ions produced from weathering of
lithogenic
F e 2 + — containing primary minerals (mainly F e 2"1" 
silicates)
(Chukhrov et al; 1975, Schwertmann, 1987b).
(ii) formation from ferrihydrite (Schwertmann, 1987b)
(iii) transformation of hematite (Schwertmann, 1985)
The oxidation of F e 2+ ions proceeds as given earlier in Equation 2.1. 
The specific equations for the formation of goethite from a weathering silicate 
may be given as
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F e 2S i0 4 +  0 2 +  3H 20    2FeOOH +  H 4 S i0 4 [2.4]
fayalite goethite
(Schwertmann, 1987b)
For example, the formation of goethite from the weathering of olivine was 
discussed by Delvigne et al. (1979), Eggleton (1983) and Eggleton (1987) and 
formation from weathered biotite was discussed by Banfield (1985).
The mechanism for the formation of goethite and hematite from
ferrihydrite was discussed by Schwertmann (1987b) and is summarised in Figure 
2.13. Goethite forms from solution, i.e; after dissolution of ferrihydrite under 
suitable conditions, whereas hematite forms through an internal rearrangement and 
dehydration within the ferrihydrite aggregates.
Hematite in sediments and palaeosols exposed to a subsequent cooler and
wetter climate, can frequently transform to goethite as evidenced by a yellow
colour penetration from the top into the redder subsoil (Schwertmann, 1971). 
Here the hematite is dissolved by reduction and/or complex formation, and
subsequent oxidation and/or precipitation under the new environmental climate 
causes the neo—formation of goethite (or lepidocrocite), but never hematite. The 
active participation of organic matter in this process is demonstrated by the 
occurence of a yellow zone adjascent to recent roots in a red soil, where under 
the influence of organic matter supplied from the roots, hematite is transformed 
to goethite (Schwertmann and Taylor, 1977).
Since goethite and hematite are often found together in most soils, the
relative quantities of one compared to the other has often been used as an
indication of the conditions that are more favourable for the formation of the 
larger quantity phase. As deduced from numerous observations, important factors
which influence the quantitative relationship between goethite and hematite are
24
Chapter 2: Literature Review
soil temperature, activity of soil water, soil pH, soil organic matter, and possibly 
the release rate of Fe during weathering (Schwertmann, 1985). The influence of 
these factors on the formation of the different phases were discussed in
Schwertmann (1985, 1987b).
(b) Hematite
Current understanding of the formation of hematite ( c r -F e 20 3) in soils 
indicates that it is only formed through ferrihydrite, i.e. ferrihydrite is a
neccesary precursor for the formation of hematite (Feitknecht and Michaelis, 1962; 
Schwertmann, 1966; Chukhrov et al; 1973, 1975; Schwertmann, 1985; and
Schwertmann, 1987b), hence the conditions necessary for the formation of
ferrihydrite (discussed below) are the initial conditions neccesary for the formation 
of hematite. Hematite forms from ferrihydrite through an internal rearrangement 
and dehydration within the ferrihydrite aggregate. This dehydration can take 
place even in the presence of liquid water (Schwertmann, 1985). However, since 
hematite forms from ferrihydrite in competition with the formation of goethite 
from ferrihydrite (as discussed above) the formation of hematite in the soil even 
after ferrihydrite had been formed will depend on other pedogenic conditions (see 
Figure 2.13).
According to Schwertmann (1985, 1987b), soil temperature and soil water 
activity, soil pH, soil organic matter, Al in the system and possibly release rate 
of Fe during weathering are some of the important deciding factors. All 
experiments in which ferrihydrite was converted to hematite and goethite have 
shown that hematite is favoured as the temperature increases (Schwertmann, 
1985). (Schwertmann, 1987b) presented a graph (see Figure 2.14) showing the 
variation of Hm/Hm+ Gt (Hm = hematite, Gt =  goethite) ratio within a 
temperature range of 4 to 25 °C and at varying pH and showed that the ratio 
increases even within this temperature range. In the case of water activity,
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depending on further system parameters (e.g; pH) hematite may be kinetically 
favoured over goethite even in the presence of liquid water (i.e water activity = 
1) free of electrolytes. The water activity in soils of warmer regions may drop 
below 1 (Schwertmann 1987b). Torrent et al. (1982) investigated the effect of 
relative humidity (RH) on the crystallisation of goethite and hematite from 
ferrihydrite at 45°C. They found that with increasing relative humidity relatively 
more hematite was formed, but at the same time the rate of transformation 
decreased rapidly. At 28°C the rate of transformation was l/50th that at 45°C. 
From these results it was concluded that for hematite formation in soils, the 
variation of soil temperature may be as important as that of water activity. The 
influence of temperature and moisture partly explains why cool humid areas are
usually free of hematitic soils, whereas in warmer areas hematite— containing soils 
are widespread (Schwertmann, 1987b).
Generally, organic matter has an "anti— hematitic" effect. This is often 
demonstrated by a radial zonation of Fe in root channels in reddish palaeosols, 
where a bleached zone immediately around the root is followed by a yellow
goethitic zone free of hematite, beyond which is the unaffected reddish (hematitic) 
bulk soil (Schwertmann, 1971). Analogously, in soils formed in cool or temperate 
climates from hematitic parent materials such as red Mesozoic sandstones or on 
colluvial red soil material in depressions, hematite disappears, and goethite,
lepidocrocite, and/or ferrihydrite are the Fe oxides formed (Campbell and 
Schwertmann, 1984), also, in the tropics and sub tropics, soils which have a 
yellow A over a red B horizon are widespread (Fitzpatrick, 1978; Kampf and 
Schwertmann, 1982) and red mottles or hematitic concretions in tropical and 
subtropical soils often show yellow goethitic rims free of hematite (Coventry et al; 
1983). The anti-hem atitic effect of soil organic matter has not yet been
explained satisfactorily, nor has it been reproduced in the laboratory 
(Schwertmann, 1987b). The effect of pH in an F e 3_t" system on the formation
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of goethite and hematite from ferrihydrite was demonstrated with laboratory 
experiments by Knight and Sylva (1974) and Schwertmann and Murad (1983). 
The later found that at 25 °C as the pH drops from 8  to 4, the Hm/(Hm+ Gt) 
ratio decreased from 0.7 to 0.04; whereas below pH 4 hematite again increased, 
and above pH 8  goethite increased. According to Schwertmann (1987b), the 
proportion of goethite formed thus parallels the concentration of monovalent 
F e 3 + ions in solution: as Fe(OH) 2+ increases between pH 8  and pH 4 and 
Fe(O H )4— increases above pH 8 , more goethite and less hematite is formed. It 
was therefore suggested that these monomeric, monovalent species are the most 
suitable for nucleation and growth of goethite crystals in solution. Although the 
relevance of this result to soil environments is yet to be seen, Kampf and 
Schwertmann (1982) found that within the pH range of 4—6 the proportion 
goethite relative to hematite increased with decreasing pH for A— horizon soils 
from southern Brazil. The effect of aluminium on the formation of hematite 
from ferrihydryte was discussed by Schwertmann (1987b). Results of laboratory 
experiments show that aluminium strongly suppresses the formation of goethite in 
favour of that of hematite.
Although the formation of hematite through the dehydration of goethite 
has since been found impossible in the normal pedogenic environment, due to the 
high temperature needed for this conversion, the conversion of goethite to 
hematite is still a possibility during forest/grass fires which commonly occur in the 
tropical and subtropical areas (Fitzpatrick, 1980, 1987).
(c) Lepidocrocite
Although the exact nature of the process of formation of lepidocrocite 
(7 — FeOOH) in soils is still not fully understood (Schwertmann, 1987b), there is 
an agreement amongst researchers that the mineral is formed from F e 2+ 
compounds (Schwertmann and Taylor, 1972; Chukhrov et al; 1975 and Fitzpatrick,
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1987). This concept is supported by the findings of various synthesis experiments 
which have shown that lepidocrocite is often formed from oxidation of F e 2+ 
solutions (Schwertmann, 1959; Schwertmann, 1973 and Taylor, 1980), although 
synthesis from F e 3"1" systems were reported in a few cases (Feitknecht and 
Michaelis, 1962; Murphy et al; 1976 and Cornell et al; 1989), and the fact that 
lepidocrocite is of common occurence in soils, mainly from the temperate and 
subtropic regions, in which Fe is heterogeneously distributed due to 
reductomorphic processes i.e in gleyed soils (Van der Marrel, 1951; Brown 1953; 
Schwertmann, 1959b, Schwertmann and Fitzpatrick, 1977, Adams and Kassim, 
1984 and Fitzpatrick et al; 1985). In such soils, oxygen deficiency leads to a 
reduction of F e 3+ oxides, and F e 2_i~ will be formed. F e 2+ will then move to 
zones of higher redox potential where it is reoxidised and lepidocrocite may be 
formed (Schwertmann, 1987b). This view follows the findings of synthesis 
experiments in which oxidation of F e 2+ solutions with air at ambient conditions 
with pH controlled between 5 and 7 yielded pure lepidocrocite of crystal 
morphology identical to soil lepidocrocite (Schwertmann, 1959a; 1973 and 1987b).
Chukrov et al; (1975) stated that the mineral was synthesised by a process 
involving moderately quick oxidation of F e 2+ and the forming of intermediate 
products with F e 2+ and F e 3+ , which were named green rusts. The formation 
of F e 2+ — A l3+ hydroxy anion compounds isostructural with F e 2+ —F e 3+ 
(so— called green rust) compounds with Al essentially substituting for F e 3+ was 
also reported by Taylor and McKenzie (1980). Where CO 3 2_ was the only 
anion in the sytem, an F e 2+ — A l3+ compound hydrotalcite was formed. These 
products were found to be unstable in air due to oxidation of F e 2+ • Oxidation 
of the dried sample in air in air yielded akaganeite ((3- FeOOH), whereas, if the 
sample was maintained in a moist condition and oxidised by air under water, 
lepidocrocite or aluminous goethites were formed along with small amounts of 
ferrihydrite. They likened this product to the dark g reen - blue compounds
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associated with gleyed horizons and suggested that a similar path for the 
formation of iron oxides in soils was likely. It is not, however, known if these 
compounds are necessary precursors in the formation of lepidocrocite.
(d) Ferrihydrite and Feroxihvte
The high degree of disorder and/or extremely small particle size of 
ferrihydrite as compared to other iron oxide minerals indicates that disorder is 
caused either by rapid formation and/or hindrance to crystallisation. The first 
mechanism is supported by the observation that ferrihydrite forms when waters 
containing F e 2+ are oxidised very quickly for example in bog ores (Schwertmann,
1959b and Evans et al; 1978) and lake ores (Schwertmann et al; 1987) both of
which are temporarily anaerobic environments in which F e 2"1” is produced, or into
which it is laterally transported. Chukrov et al. (1972) also reported the finding
of ferrihydrite in the mines of some Altay localities where they said it was 
precipitated from solutions percolating through sulphide ores and containing F e 2+ 
iron. The participation of microorganisms in the formation of ferrihydrite in
some of these localities and other environments through the oxidation of F e 2+ 
had been discussed by various authours (Spencer et al; 1983; Ottow, 1969; 
Schwertmann and Fischer, 1973; Chukhrov et al; 1972; Carlson and Schwertmann, 
1981 and Fischer, 1987). Some of these organisms need Fe as a source of
energy or as a sink for electrons whereas the influence which other microbes
have on these reactions seems to be a "by- product" of their metabolism
(Fischer, 1987). According to Chukhrov et al. (1972) ferrihydrite is formed in 
some geological recent precipitates by rapid oxidation in connection with the vital 
functions of iron bacteria, first of all by Gallionella, Lepthotrix  and Toxothrix. 
The relicts of such bacteria composed of ferrihydrite or protoferrihydrite were 
found in all iron oxides deposited in all cold iron springs with pH of water near 
7 in different parts of the U.S.S.R (Chukhrov et al; 1972). However, according
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to Fischer (1987) the participation of microorganisms in the oxidation of Fe 2+ is 
well established in the very acid range (Thiobacillus), but questionable in the pH 
range of 5—7 (Lepthotrix, Gallionella) because in this range "chemical" oxidation 
is usually rapid. Mossbauer spectroscopy, as well as x— ray diffraction, showed an 
F e 3-1- oxide precipitate from an artesian fountain to be a poorly crystalline 
ferrihydrite. These particles contained structures of the bacteria Gallionella 
(Murad, 1982). Such a globular morphology has often been described for bacterial 
precipitates (Fischer, 1987). Fitzpatrick (1987) also reported the finding of 
minute spherical particles of ferrihydrite embedded or encrusted in sheath— like 
structures of Fe— oxidising bacteria composed mainly of Sphaerotilus in South 
Africa. Bacterial action has also been found responsible for the formation of 
other phases of iron oxides, such as, goethite, lepidocrocite, hematite and
magnetite (Loewenstam, 1962; Blakemore, 1975; Huggins et al; 1980; Towe and 
Moench, 1981 and Tazaki et al; 1989). It is however not clear whether these 
oxides were formed during the precipitation itself or by subsequent
recrystallisation. Ferrihydrite is also produced when groundwater containing F e 2+ 
ions exits at ground surface leading to a rapid oxidation of the F e 2+ lons
(Carlson and Schwertmann, 1981).
As shown in laboratory experiments, organics, silicates or phosphates even 
at low concentrations can impede crystallisation of iron oxides thereby favouring 
the precipitation of ferrihydrite in favour of the more crystalline phases
(Schwertmann et al; 1984). These compounds have in common a high affinity 
for the iron oxide surface, and therefore may block the surface of the growing 
crystal. Parfitt et al. (1977) discussed the adsorption of fulvic and humic acids 
on goethite, gibbsite and imogolite while Parfitt and Russell (1977) and Tipping 
(1981) have discussed the mechanisms involved. The inhibiting effect of organics 
was demonstrated by Schwertmann et al. (1984) on aerial aeration of a stimulated 
ground water in the presence of varying concentration of soil organic. They
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found that the formation of lepidocrocite was inhibited in favour of the formation 
of ferrihydrite with increasing concentrations of soil organic matter. A similar 
inhibiting effect of organic matter was found in podzol B horizons and placic 
horizons (Campbell and Schwertmann, 1984), and also in ochreous deposits from 
drain pipes or drain ditches (Susser and Schwertmann, 1983). Ferrihydrite was
also detected in lake waters containing about 1.5 mg/L of humics (Tipping et al; 
1981). Model experiments found that among simple organic acids the
carboxyl— hydroxyl acids such as citric acid are particularly strong inhibitors of
crystallisation (Schwertmann et al; 1968; Kodama and Schnitzer, 1977; Cornell and 
Schwertmann, 1979; and Schwertmann et al; 1986).
Another important constituent inhibiting crystallisation and thereby
favouring ferrihydrite formation over more crystalline phases is silicate. Poorly
crystalline ferrihydrite which precipitated on aeration of ground waters in Finland 
were found to contain 2— 6 % mass percent Si strongly adsorbed ot the
ferrihydrite surface as indicated by IR bands at 930— 960cm— 1 assigned to
Si—O—Fe bonds (Carlson and Schwertmann, 1981; and Wilson and Russell, 1983). 
Ferrihydrite from silicon rich waters was also reported in New Zealand by Henmi 
et al. (1980) and by Childs et al. (1982). The crystallinity of ferrihydrite
apparently is related to to the amount of oxalate— soluble Si (Carlson and
Schwertmann, 1981). In contrast, where the Si concenration of ferriferous waters 
is probably low, such as in a highly desilicified Oxisol landscape of central Brazil, 
Ochreous precipitates in a creek were found to consist of lepidocrocite and
goethite rather than ferrihydrite (Schwertmann and Kampf, 1983). Laboratory 
simulation of the effect of Si on cryatallisation of iron oxides have shown that
silicate and phosphate strongly inhibit the crystallisation ( Schellmann, 1959; 
Schwertmann and Thalmann, 1976; Karim, 1984 and Quin et al; 1988). Quin et 
al. (1988) carried out tests using synthetic goethite with silicon (Si) or
phosphorous (P) as dopants. They found that the Si and P did not substitute for
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Fe in the crystal structure of goethite, but were adsorbed on growth sites where 
they caused restriction in crystallite size and forced irregularities in crystal growth. 
Very low levels of incorporation produced poorly crystalline materials while at 
higher levels poorly crystalline goethite was formed as well as ferrihydrite. 
Ultimately, adsorbed Si and P prevented the formation of goethite altogether.
Synthetic ferrihydrite has been prepared by neutralising a ferric salt solution (e.g;
Murphy et al; 1976), by diallising a ferric nitrate solution with distilled water 
(Towe and Bradley, 1967), and by oxidising a ferrous salt (Schwertmann and 
Taylor, 1972). Neutralising a ferric salt generally produces 2—line ferrihydrite, 
whereas dialysis produces the more crystalline 6 — line ferrihydrite.
Chukhrov et al. (1977) postulated that feroxihyte forms in nature by a 
rapid abiotic oxidation of Fe at neutral to slightly acid pH. Carlson and
Schwertmann (1980) on studying the characteristics and genesis of a natural
occuring ferroxyhite identified in Holocene iron oxides precipitated from 
ferriferous groundwaters in glaciofluvial sands and gravels of Finland concluded 
that the mineral was formed from rapid oxidation of F e 2-1- compounds. 
According to them, this requires that the F e2+ be in an easily oxidisable form 
and that the rate of air supply be high. This appears to be the case where 
ferriferous waters run through highly porous, sandy sediments close to the surface, 
similar to the situation where ferroxyhyte was located by the authors in Finland. 
In contrast, ferrihydrite is commonly formed where groundwater discharges onto 
the surface (Carlson and Schwertmann, 1980). Since very few accumulations of
feroxihyte has so far been identified in nature, the possible modes of formation 
in the natural environment are still open to question.
5—FeOOH, a compound similar to feroxihyte has been synthesised by the 
oxidation of Fe(OH ) 2 (Glemser and Gwinner, 1939; Feitknecht et al; 1969; and 
Povitskii et al; 1976), from soluble F e 2+ hydroxy complexes (Misawa et al; 1970) 
and by oxidising FeCl2 solutions with 30% H 20 2 at pHs between 5 and 8
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(Carlson and Schwertmann, 1980).
(e) Maghemite and Magnetite
Three main possible pathways have been postulated for the formation of 
maghemite ( y -  Fe 20  3) in soils. The oxidation of magnetite is one realistic 
possibility. This may be particularly important in soils formed on basic igneous 
rocks initially rich in magnetite. Bonifas and Legoux (1957) for example, have 
shown that massive maghemite in lateritic weathering products arose from the 
oxidation of the high concentrations of magnetite in the basic dunite rock. 
However, this does not explain the occurence of maghemite in soils whose parent 
rocks are very low in magnetite nor its concentration near the soil surface as is 
the case in some of its occurrences (e.g; Fitzpatrick, 1980, 1987). Moreover, 
although fine— grained magnetites are known to oxidise at low temperatures 
(Farrell, 1972), coarse grained samples, as could be expected from residual 
primary minerals, alter on thermal oxidation to hematite rather than maghemite 
(Farrell, 1972 and Feitknecht, 1965). Thus, oxidation of magnetite may not be a 
common pathway for maghemite formation in soils and can not account for some 
occurrences of maghemite.
Oades and Townsend (1963) suggested that maghemite in soils is formed 
by a pedogenic process from the iron oxides present through the action of 
organic matter at normal temperatures. They further stated that the presence of 
F e 2+ is a neccessary initial requirement. Similarly, Taylor and Schwertmann 
(1974) and Taylor (1980) have shown by laboratory experiments that maghemite 
can be produced by oxidation of green rust (an iron oxide mineral limited to 
strong reducing conditions) at pH around 7 - 8 .  These conditions, however, will 
limit maghemite to only reductomorphic soils and would not account for its 
occurence in other soils.
A third possibility is the transfromation of other pedogenic iron oxides by
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heating to approximately 300 — 500 °C in the presence of organic matter. This 
may happen during fires, which frequently occur in subtropical and tropical areas 
partly due to very high summer temperature, and may likely account for the 
concentration of maghemite in the surface soil in some tropical and subtropical 
areas (Fitzpatrick, 1980, 1987). For example, in Southern Africa and Australia 
where forest and/or grass— fire field trials have been conducted, the magnetic 
susceptibility of bulk surface soils (0 — 5cm depth) are much higher in the burnt 
sites than in adjascent, unburned soils or at depths below 10cm (Fitzpatrick, 
1987). This is due to the formation of maghemite (and hematite) from the 
goethite in the various types of ferruginous accumulations (e.g; glaebules, clay 
fractions, etc.) by heating in relatively high— temperature fires ranging from 2 0 0  
to 800°C in the presence of organic matter (Fitzpatrick, 1980, 1987). Also, 
according to Schwertmann (1987), where maghemite has been found in temperate 
regions, occurences are limited to small areas containing charcoal; and, since it is 
concentrated at the surface, fire undoubtedly caused its formation.
Hence, it is possible that known occurrences of maghemite in soils may 
have been due to formation by some or all of the possibilities outlined above 
depending on the dominating conditions in the soil.
As discussed earlier in Section 2.3.1(g) no pedogenic magnetite (F e 30 4) 
has yet been identified and the mineral is still considered to be lithogenic. It 
has, however, been synthesised by various means (e.g; Schwertmann and Taylor, 
1973; Tamaura et al; 1983 and Taylor, 1985).
2.3.3 Interaction of Iron Oxides with other Minerals and Elements
The interaction of iron oxides with other materials in the soil environment 
is a common occurence. While knowledge of some of these interactions is fairly 
well established, some are still not well understood. In addition, most of the 
available knowledge is based on results from experiments on synthetic systems in
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laboratory environments which may not reflect actual soil environments. Some of 
the well discussed interactions of iron oxides with other substances include the 
adsorption of organic substances and various anions and cations on the surface of 
the iron oxide crystals, isomorphous substitution of Fe in the iron oxide structure 
by other elements and interaction with clay silicates. These are discussed below.
(a) Adsorption of Anions and Cations
The surface of iron oxides are hydroxylated, as a result of which the
surface charge and potential of iron oxides are determined by the concentration
of H-1- and OH-  ions in solution. The surface charge is created by an
adsorption or desorption of H+  (or desorption or adsorption of OH~ »
respectively) in the potential determining layer consisting of O, OH, and OH^
groups. Hence the charge of iron oxides is pH dependent (in contrast to those 
layer silicates that have permanent charge from isomorphous subsistution). The 
pH—dependent charge of iron oxides had been discussed by Parks (1965), Onoda 
and de Bruyn (1966), Atkinson et al. (1967), Breeuwsma (1973) and Taylor
(1987). This charge on the oxides can be balanced by an equivalent amount of 
anions or cations (counter ions), electrostatically held in the outer diffuse electric 
double layer. This type of adsorption which treats the counter ion as a point 
charge is termed nonspecific. Examples of those ions which are adsorbed in this 
way are the anions Cl- , NO 3“ , CIO ~  and most of the alkali and alkaline 
earth cations. In contrast, other anions and cations may be held more strongly 
by the oxide surface because these ions penetrate the coordinating shell of the Fe 
atom, exchange their OH and O H 2 ligands and are bound by covalent bounds
directly via their O and OH groups to the structural cation. This type of
adsorption has been termed chemisorption or specific adsorption. It is further 
chsrEctcriscd by the ion adsorbing on neutral surfaces and surfaces with a charge 
of the same sign as the ion. These ions will reverse the sign of the surface
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charge which nonspecifically adsorbed ions do not (Schwertmann and Taylor, 
1977). For further details see Gast (1977), Parfitt (1978) and Mott (1981). Ions 
such as phosphate, silicate, molybdate, arsenate, selenate, sulphate and organic 
anions are some important anions specifically adsorbed by iron oxides while 
cations such as Zn, Cd, Cu, Pb, Li and Mg can be specifically adsorbed.
The different reactions of organic matter with iron oxides and other soil 
minerals had been discussed by previous authors such as Moshi et al. (1974), 
Harter (1977), Karim (1977), Schnitzer and Kodama (1977), Parfitt et al; (1977), 
Parfitt (1978), Tipping (1981) and Goodman (1987) amongst others while the 
adsorption of other ions such as Si and P was discussed by Schwertmann (1977),
Borggaard (1984), Goldberg and Sposito (1984), Schwertmann et al. (1986),
Schwertmann (1987a), Quin et al; (1988) etc. Generally, ion adsorption on the 
surface of the iron oxides has the effect of altering the crystallinity and surface 
properties such as size and growth of the iron oxide crystals. Organic matter has 
been found to retard or inhibit crystallisation of non— crystalline iron oxide to the 
crystalline form (Cornell and Schwertmann, 1979, and Adams and Kassim, 1984)
and silicon and phosphorous have been found to have the same effect 
(Schwertmann and Thallmann, 1976, Saleh and Jones, 1984, Koch et al; 1986,
and Quin et al; 1988).
(b) Isomorphous Substitution
Apart from adsorption of anions and cations by iron oxides, the 
replacement of Fe in the iron oxide structure by other cations, termed 
isomorphous substitution had been discussed by various authors. In this respect 
the isomorphous substitution of Fe by Al in which Al substitutes directly for Fe 
in octahedral sites has been the most researched. This substitution is made 
possible by the fact that the ionic radius of A l3+ (0.53A) (Shannon and Prewitt, 
1969) is similar to that of F e3"*” (0.645A).
36
Chapter 2: Literature Review
It had been shown that soil goethites (Norrish and Taylor, 1961),
hematites and maghemites (Schwertmann and Fechter, 1984; Schwertmann and 
Kampf, 1985) contained aluminium substituted isomorphously for some of the iron 
in these iron oxide structures. Beneslavsky (1956) and Jonas and Solymar (1970) 
also reported that goethite and hematite associated with bauxite deposits contain
aluminium in their structures. Aluminium substituted iron in natural lepidocrocite 
was reported by De Villiers and van Rooyen (1967). The authors presented 
indirect evidence for the existence of aluminous lepidocrocites in soils. This 
mineral was not detected by X— ray, probably due to the limited crystal
development and the consequent reduction in diffracted intensities resulting from 
aluminium incorporation, an effect they demonstrated in synthetic samples.
Aluminium substitution was inferred on the basis of the higher temperatures 
required for dehydration to maghemite, a behaviour also exhibited by their
aluminium substituted synthetic lepidocrocites. Moreover, the resultant maghemites 
from their heated soil sample and synthetic material required higher temperatures 
for their transformation to hematite, an observation consistent with aluminium 
incorporation (Taylor, 1980). However, according to Taylor (1980), based on the 
results of van der Marrel (1951) and unpublished data by himself, both normal
and aluminium substituted goethites will transform to maghemite when heated in 
the presence of organic materials, e.g; humic acids, and this possibility was not 
apparently considered by De Villiers and van Rooyen (1967). In any case, the
occurence of aluminous lepidocrocite appears to be less common in soils.
According to Schwertmann (1987b) this is probably because, under most 
conditions, aluminium in the soil solution suppresses lepidocrocite formation in 
favour of goethite.
Norrish and Taylor (1961) found that some soil goethites contained up to 
30 mole per cent and some other investigators have shown that natural goethites 
may exhibit up to 3 3  per cent aluminium substitution, the actual amount
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depending on the conditions of formation (Fitzpatrick and Schwertmann, 1982). 
The extent of aluminium substitution in goethites appears to be limited to 1/3 
and in hematite to 1/6 of the possible octahedral positions (Schwertmann, 1987b). 
Changes to properties of iron oxides due to isomorphous substitution have been 
discussed by various authors (e.g; Taylor and Schwertmann, 1980; Fey and Dixon, 
1981; Schulze, 1984; Schulze and Schwertmann, 1984; Mann et al; 1985; and 
Eggleton, 1987). Some of the major changes that have been pointed include a 
change to the size of the unit cell of the iron oxide. The fact that the size of 
the Al cation is about 16% smaller compared to the Fe leads to a smaller unit 
cell size of the aluminous iron oxide compared to those of the pure iron oxides. 
Changes in other properties such as crystal size, surface area and changes in 
X— ray diffraction, thermal behaviour, magnetic properties, phosphate adsorption, 
dissolution behaviour in HC1 have been observed.
Attempts have been made by several authors (Norrish and Taylor, 1961; 
Thiel, 1963; Jonas and Solymar, 1970; Taylor and Schwertmann, 1978; and 
Schwertmann et al; 1979) to estimate aluminium substitution and unit cell 
dimension of aluminous iron oxides from X—ray diffraction. Norrish and Taylor 
(1961) obtained an inverse relationship between the d ( l l l )  spacings of soil 
goethites and mole per cent, aluminium . Thiel (1963) studied Al — substituted 
goethites synthesized under hydrothermal conditions at high pH and found that the 
d ( l l l )  spacings and the cell dimension decreased linearly with aluminium 
substitution. Jonas and Solymar (1970) attempted to duplicate the relationship 
found by Thiel, but on a plot of d ( l l l )  vs mole % aluminium , their data 
deviated considerably from those of Thiel. They attributed the deviation to extra 
aluminium present as "amorphous free aluminium hydroxide" which they believed 
could not be completely washed out of their samples before analysis, but they 
gave no additional evidence for the existence of extra aluminium. Schulze (1984) 
has, however, found that the a -  dimensions of aluminium substituted synthetic
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goethites varied widely for goethites with the same aluminium substitution (this 
was not the case with the b and c dimensions). Since goethite has an
orthorhombic unit cell, the d— value for a given line with Miller indices hkl is 
related to the cell dimensions a,b,c as follows:
d(hkl) =  [(h /a ) 2 +  (k/b) 2 +  (1/c ) 2 ]" 1 / 2  [2 .5 ]
Thus the large amount of scatter in the a— dimension is reflected in the 
d—valus of diffraction lines with h * 0  and the differences in the d ( l l l )  vs mole 
% Al substitution noted by Jonas and Solymar (1970) are accounted for by the 
variability of the a— dimension. This also explains the reason for the much 
larger scatter in d ( l l l )  or d(130) in the data obtained by Taylor and
Schwertmann (1978, their Figure 9). Hence Al substitution based on regression 
lines obtained by using the d ( l l l )  of goethite, like those given by Norrish and 
Taylor (1961) and Thiel (1963) could be in error if d ( l l l )  is influenced by
factors other than aluminium substitution. According to Schulze (1984) the large 
amount of scatter in the a— dimension is probably caused by structural defects in 
the structure of goethite due to aluminium substitution. High resolution electron 
microscopy may be able to reveal such defects, but such studies are rare (e.g 
Mann et al; 1985) and have been done mainly on synthetic samples. Gerth
(1990) reported evidence for structural defect in the a dimension of synthetic 
goethites based on high resolution microscopy, but comprehensive results were not 
given. The ideal reflections to be used for obtaining regression lines will be the 
Okl or 001 reflections, but these goethite reflections are often too weak or 
coincide with reflections from other minerals e.g clays and so cannot be 
determined accurately. Schulze (1984) has proposed a procedure for estimating 
Al substitution in goethites based on the c dimension. He gave the regression 
equation as:
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mole % Al =  1730 -  572.0 . c [2.6]
c can be calculated from the position of the 1 1 0  and 1 1 1  diffraction line using 
the formula:
However the values of d ( l l l )  and d(110) have to be corrected for line shifts 
arising from structure factor especially in broad diffraction lines. Correction
curves relating diffraction line shifts to width at half height (WHH) calculated
assuming goethite particles with the same finite number of unit cells along the a
and b axes but infinitely many unit cells along the c— axis were given by Schulze
(1984) and shown on Figure 2.15. Values from Figure 2.15 are given in tabular 
form in Table 2.4.
A confidence interval of 2.5 mole % Al was obtained for the regression 
in Equation 2.6 compared to the ±4.0 mole % obtained for the regression got 
from using the d ( l l l )  and given by the formula:
(Norrish and Taylor, 1961).
However, Schwertmann et al. (1987) reported finding, for natural goethites 
from two Finnish lakes, that using the Equation 2.6 given by Schulze (1984), the 
values of Al substitution estimated were significantly greater than those obtained 
chemically from Al^ (Al dissolved by dithionite extraction). Since this deviation 
cannot be explained by the extraction of Al from sources other than goethite, an 
over— estimation of Al substitution by using Equation 2.6 appeared to be inferred.
c [ ( l /d ( l l l ) ) 2 -  (l/d(110))2 J- 1/2 [2.7]
mole % Al =  2086 -  850.7 d ( l l l ) [2.8]
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An examination of their (Schwertmann et al; 1987) Table 3 however appeared to 
indicate the contrary for Lake Eno, and infact suggested higher values of up to 
2.1% of estimation from chemical method over those from X—ray diffraction, and 
if this is true, then estimation of Al from other sources (e.g free oxides and
hydroxides of Al) by the chemical treatment is possible. The authors also 
reported that the goethites from Lake Murto (in particular) which contained 
essentially no Al^, had c values which were significantly lower than those for 
pure goethites, and stated that "...the measured reduction in c therefore cannot
be due to Al substitution, as is usual for goethites". According to the authors, 
"...because of this variability on one side and the rigid nature of the structure on 
the other side, a minute increase in a (or b) may be compensated by a 
corresponding decrease in c, which then in itself no longer indicates the degree 
of Al substitution. Thus, the cell volume seems to be a better indicator of the 
contracting effect of Al— for— Fe substitution than does the value of c ". The 
authors gave a relation between unit— cell volume and Al substitution based on 
results from synthetic goethites prepared under different conditions (Figure 2.16). 
An average value of Al substitution obtained from using cell volume for goethites 
from Lake Eno was given as 7.9 mole %, which compared well with 7.88 mole 
% (obtained by me from the authors' Table 3) obtained from Al^ (chemical 
analysis). However, an average value of 6 . 8 8  mole % (obtained by me from the
authors' Table 3) obtained for the same goethites using Equation 2.6 appeared
close to those obtained from using cell volume. Also, since due to interference 
from other silicates and/or poor crystallinity of natural goethite particles from 
many sites, it may not be possible to obtain all the lines required for the 
estimation of all unit cell constants (hence cell volume), and estimation of Al 
substitution using the c dimension (Equation 2.6) would continue to have wide 
application.
Aluminium substitution for hematite based on the relationship obtained for
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seven synthetic Al substituted hematites synthesized at 70 °C was given by
Schwertmann et al. (1979) as:
mole % Al =  3109 -  617.1 . a [2.9]
where a is the a— dimension of hematite.
Substitution of Fe by Mn in the iron oxide structure has also been 
reported (Stiers and Schwertmann, 1985, and Cornell and Giovanoli, 1987). 
These authors have shown manganese to replace as much as 15 mole % Of the 
Fe in the structure of synthetic goethite while Mn— hematite containing as much 
as 5 mole % Mn was formed by Cornell and Giovanoli (1987). Although Mn 
substituted goethites are rare in natural systems and only one reference to such
goethites appears to exist (Thiry and Sornein, 1983) the possibility of manganese 
and iron precipitates coexisting in marine and terrestrial environments (Cornell
and Giovanoli, 1987) is a valid reason for further research in this area. Gerth
(1990) has studied the effect on goethite of isomorphous substitution of trace
metals C o3 + , N i2 + , C u2 + , Z n 2 + > C d2 + > and P b 4 + • According to him,
evidence for an isomorphous substitution of these metals is a systematic variability 
of the unit cell b— parameter of goethite. The Changes in the b dimension per 
unit mole % incorporation can be linearly related to the ionic radii of the 
foreign metals which were incorporated into the goethite structure.
(c) Interaction with Clav Silicates.
The association of iron oxides with clay minerals has been a subject of 
interest amongst researchers due, mainly, to the implications on agricultural and 
engineering properties of soils especially in the tropical and subtropical areas 
where the iron oxide content of some of the soils (e.g lateritic soils) is relatively 
high. Some review of previous works in this area was done by Taylor (1987) and
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Schwertmann (1987b).
One of the earlier understanding of iron oxide — clay interaction was that
the iron oxides in tropical (lateritic) soils caused aggregation of the soil through
cementation of the individual clay particles by the iron oxide minerals which 
formed a thin coating on the surfaces of the kaolinite particles (Coleman et al; 
1964). Presently, however, there are opposing views on the ability of iron oxide 
to promote aggregation purely by interaction with clay minerals. Deshpande et 
al. (1964) working with highly weathered soils with total iron oxide contents from 
2 to 15%, found that iron oxide was generally present as discrete mineral
particles and did not influence the stability of the aggregates by cementation. 
This discrete nature of the iron oxide minerals, even when they were present on 
the surface of clay minerals has also been noted by Fripiat and Gastuche (1952), 
Greenland et al. (1968) and Schwertmann and Kampf (1985). Smart (1973) using 
electron microscopy to observe ultra— thin sections of a red tropical clay from 
Kenya noted that the iron oxide particles in the soil were often widely spaced 
and often self— aggregated (although some iron oxide particles appearing singly 
and in irregular groups apppeared to be in contact with the metahalloysite clay 
plates), whereas the clay particles in the soil often approached and touched 
directly. According to him, at first sight the iron oxide particles appeared to be 
in the wrong positions to act as cement. On the other hand, Kemper (1966) 
obtained a correlation between iron content and the water stability of aggregates, 
thus indicating the role of iron oxide in the formation of soil aggregates.
Blackmore (1973) and Schalabi and Schwertmann (1970) found that freshly 
precipitated ferrihydrite promoted aggregate stability more than more crystalline 
iron oxides, and Greenland and Oades (1968) found that hydrolysis of a FeC l3 
solution at pH 3 bonded kaolin particles into larger masses. The interaction 
between kaolinite and synthetic ferrihydrite at various pH was studied by Saleh 
and Jones (1984) using electron microscopy methods. They reported no,
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attraction between the ferrihydrite and kaolinite surfaces at pH 9, when the 
surfaces of both clay and ferrihydrite will be negatively charged, nor was there 
any attraction between the ferrihydrite and the edge surfaces of kaolinite at any 
pH since the charges on the edge surface of kaolinite is similar to that of 
ferrihydrite, being pH—dependent with similar pzc (point of zero charge). 
However, they found that the positively charged ferrihydrite particles were 
attracted to any permanent negative charges on the basal surfaces of kaolinite and 
coated them. In general, for synthetic systems, very small
Fe— hydroxy— polycations with a high positive charge at low pH are particularly 
effective (Rengasamy and Oades, 1977; Robert et al; 1982).
In summary, the role of iron oxides in promoting aggregation in soils 
remains somewhat controversial and seems to vary in different soils. This is 
probably due to variations in the amount and nature of iron oxides and other 
components in soils. There is therefore a strong need for further studies on the 
process of aggregation in soils and the possible role of iron oxides.
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Ta b l e  2 . 3 :  F r e que n t  Munsel l  hues o f  F e - ox i de s  i n  s o i l s ,  
( a f t e r  Schwertmann,  1987a) .
Minera l Munsel l  hue
Hemat i t  e 5R -  2.5YR
Goethi  t e 2.5Y -  7.5YR
L e p i d o c r o c i t e 5YR -  7.5YR
F e r r i h y d r i  t e 5YR -  7 . SYR
Maghemi t e 2.5YR -  5YR
T a b l e  2 . 4 :  C o r r e c t i o n s  t o  obse rved  110,  111,  and 130 l i n e  p o s i t i o n s  
f o r  l i n e  s h i f t s  caused  by d i f f r a c t i o n  f rom smal l  
c r y s t a l l i t e s .  The c o r r e c t i o n s  a r e  c a l c u l a t e d  f o r  CoKa 
r a d i a t i o n .  ( a f t e r  Schulze ;  1984) .
Co r r e c t  ion C2 6 )
WHHc o r r  ( ° 20 ) 1 1 1 0 1 1 1 130
0 . 1 0 0 0
0 . 2 0 0 0
0 . 3 0 0 0
0 . 4 0 0 . 0 1 0
0 . 5 0 0 . 0 1 0
0 . 6 0 0 . 0 2 0
0 . 7 - 0 . 0 1 0 . 0 2 0
0 . 8 - 0 . 0 1 0.03 0 . 0 1
0 . 9 - 0 . 0 1 0 . 04 0 . 0 1
1 . 0 - 0 . 0 1 0.05 0 . 0 1
1 . 1 - 0 . 0 1 0.06 0 . 0 1
1 . 2 - 0 . 0 2 0.07 0 . 0 1
1 . 3 - 0 . 0 2 0.08 0 . 0 2
1 . 4 - 0 . 0 2 0.09 0 . 0 2
1 . 5 - 0 . 03 0 . 1 0 0 . 0 2
1\VHH c o r r e c t e d  f o r  i n s t r u me n t a l  l i n e  b r oa de n i ng .
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F i g u r e  2 . 1 :  (a)  & (b) Cl os e -packed  models o f  t he  i de a l  h e m a t i t e .  Large open
c i r c l e s  a r e  0 atoms,  smal l  b l a c k  c i r c l e s  a r e  Fe a toms.  
S e l e c t e d  o c t a h e d r a  a r e  o u t l i n e d  w i t h  t h i n  s o l i d  l i n e s ,  
u n i t  c e l l s  a r e  o u t l i n e d  wi t h  dashed  l i n e s .
(c)  The he ma t i t e  s t r u c t u r e  p r o j e c t e d  on t o  [ 1120] .  S o l i d  
c i r c l e s  a r e  in t he  p l a ne ,  t h i n  open
c i r c l e s  a r e  below t he  p l an e ,  and t h i c k  open c i r c l e s  
a r e  above the  p l ane  o f  t he  p a pe r .
(d) The he ma t i t e  s t r u c t u r e  p r o j e c t e d  ont o  [ 0001] .  The 
same f i v e  0  atoms a re  shaded in (c)  & (d)  .
(after Eggleton et al; 1987).
P ^ n e s .
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(a)
© S  © - S '  7 ' 0 5~S~,'@©0 4 1 ); iQ/O®®:
' ©  <sk© Q
(b) OB;0a ; O  0> (c)
3: The u n i t  c e l l  o f  t he  s p i n e l  s t r u c t u r e .  The smal l  unshaded  and 
sha ded  s p h e r e s  in 2( a )  r e p r e s e n t  c a t i o n s  i n  t e t r a h e d r a l  (A) and 
o c t a h e d r a l  (B) s i t e s  r e s p e c t i v e l y .  The l a r g e r  s p h e r e s  
r e p r e s e n t  oxygen atoms.  For  c l a r i t y  t he  up p e r ,  2 ( b ) ,  and 
lower ,  2 ( c ) ,  h a l v e s  o f  t he  c e l l  a r e  shown s e p a r a t e l y  as  t he  
s t r u c t u r e  p r o j e c t e d  from t he  t op  o f  t he  c e l l .  The h e i g h t  o f  
t h e  atoms a r e  i n d i c a t e d  in u n i t s  o f  1 / 8  a Q
(after Kassim, 1982)
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b
F i g u r e  2 . 4 ( a )  & ( b ) : C l o s e - pa c ke d  models o f  t he  i dea l  g o e t h i t e  s t r u c t u r e .
Large open c i r c l e s  a r e  0 a toms,  smal l  b l a c k  c i r c l e s  
a r e  Fe a toms.  S e l e c t e d  o c t a h e d r a  a r e  o u t l i n e d  wi t h  
t h i n  s o l i d  l i n e s ,  u n i t  c e l l s  a r e  o u t l i n e d  w i t h  dashed  
l i n e s ,  ( a f t e r  Egg l e t on  e t  a l ; 1987) .
b
F i g u r e  2 . 5 :  The g o e t h i t e  s t r u c t u r e  p r o j e c t e d  onto  [001] .  Oxygen atoms a re  
r e p r e s e n t e d  by l a r g e  open c i r c l e s ,  Fe atoms by medium s o l i d  
c i r c l e s ,  and H atoms by smal l  s o l i d  c i r c l e s .  O c t a h e d r a  a r e  
o u t l i n e d  by s o l i d  l i n e s .  Hydrogen bonds a r e  i n d i c a t e d  by s o l i d  
and d o t t e d  l i n e s .  ( a f t e r  Egg l e t on  e t  a l ; 1987) .
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2 . 6 .  An o c t a h e d r a  model o f  t he  g o e t h i t e  s t r u c t u r e .  Hydrogen bonds 
a r e  r e p r e s e n t e d  by smal l  b a r s ,  ( a f t e r  E g g l e t o n  e t  a l ; 1987) .
(a) (b)
2 . 7  (a)  & ( b ) : C l o s e - pa c ke d  model o f  t he  i dea l  l e p i d o c r o c i t e
s t r u c t u r e .  Large open c i r c l e s  a r e  0 a toms ,  smal l  
b l a c k  c i r c l e s  a r e  Fe a toms.  S e l e c t e d  o c t a h e d r a  a r e  
o u t l i n e d  wi t h  t h i n  s o l i d  l i n e s ,  u n i t  c e l l s  a r e  
o u t l i n e d  wi t h  dashed  l i n e s .
( a f t e r  Egg l e t on  e t  a l ; 1987) .
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b
F i g u r e  2 . 8 :  The l e p i d o c r o c i t e  s t r u c t u r e  p r o j e c t e d  on t o  [ 001] .  Oxygen atoms 
a r e  r e p r e s e n t e d  by l a r g e  open c i r c l e s ,  Fe atoms by medium s o l i d  
c i r c l e s ,  and H atoms by smal l  s o l i d  c i r c l e s .  O c t a h e d r a  a r e  
o u t l i n e d  by s o l i d  l i n e s .  Hydrogen bonds a r e  i n d i c a t e d  by s o l i d  
and d o t t e d  l i n e s .  ( a f t e r  Egg l e t o n  e t  a l ; 1987) .
F i g u r e  2 . 9 :  An o c t a h e d r a  model o f  t he  l e p i d o c r o c i t e  s t r u c t u r e .  Hydrogen 
bonds a r e  r e p r e s e n t e d  by smal l  b a r s .
(after Eggleton et al; 1987).
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Projection on (001) a  =1 .048nin 
14/m c =0.3023nm
O/OH at Z ' 0  ( ^ )
o
z - o (  )  Ci/H^ O
O/ OH  a t  z-- 1 / 2
 Fe at Z‘Q O  Fe at  z* 1/2
Z ' 1 / 2
F i g u r e  2 . 10 :  The c r y s t a l  s t r u c t u r e  o f  a k a g a n e i t e ,  p r o j e c t e d  on t he  
[001] f a c e ,  ( a f t e r  MacKay, 1960) .
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F i g u r e  2 . 1 1 :  The s t r u c t u r a l  scheme o f  f e r r i h y d r i t e  a c c o r d i n g  to  
Towe and B r a d l e y  ( 1967) .  Open c i r c l e s  a r e  0,  s o l i d  
c i r c l e s  a r e  F e . Wavy l i n e  i n d i c a t e s  a l ev e l  a t  which 
t he  l a t e r a l  d i s p l a c e m e n t s  a r e  o p t i o n a l .
( a f t e r  Chukhrov e t  a l ;  1972) .
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la s t  hydrolys is ♦  F ERRIH Y D RITE ♦  H E M A T I T Eoxida tion  of o rg an ic  ligands r e a r r a n g e m e n t
d o m i n a n t l y  by c o m p l e x i o n )
s lo w  h y d r o ly s i s ,  o x i d a t i o n  oi o r g a n i c  l i g a n d s
t j  G O E T H IT E  H — r S
H S I 0 E R 1 T E
d eh y dra t ion ,  then o x id a t io n  ( s lo w )
+  M A G H E M I T E
oxidation ( f a s t ) ,  
then par t,  d eh y d ra t io nF . 2 * F e 3 * H Y D R O X Y  S A L T ;  L E P I D O C R O C I T E
F i g u r e  2 . 12 :  P o s s i b l e  pa thways  o f  i r o n  ox i de  f o r m a t i o n  unde r  ne a r  
pedogen i c  c o n d i t i o n s .
( a f t e r  Schwertmann and T a y l o r ,  1977)
dissolution 
. 
reprecipitation
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Factors Process
/ r a t e  of Fe r e le a se  
/o r g a n ic  m atter 
/pH  (pH 3 - 8 )
/s o i l  tem perature 
/ s o i l  moisture
Goethite
Fe 1  ions
Hem atite
Ferrihydrite
.13:  Hemat i t e  and g o e t h i t e :  s c h e m a t i c  r e p r e s e n t a t i o n  o f
t h e i r  c o m p e t i t i v e  p r o c e s s e s  o f  f o r m a t i o n  and f a c t o r s  
i n f l u e n c i n g  them i n  s o i l  e n v i r o n m e n t s .  Smal l  a r r ows  
i n d i c a t e  t h a t  i n c r e a s i n g  o r  d e c r e a s i n g  e x p r e s s i o n  o f  
t h e  f a c t o r  f a v o u r s  h e m a t i t e  f o r m a t i o n  w i t h  t he  
o p p o s i t e  e f f e c t  f o r  g o e t h i t e .  One f a c t o r  can  a l s o  
b r i n g  about  two d i f f e r e n t  p r o c e s s e s .  Higher  s o i l  
t e m p e r a t u r e  may not  on l y  i nduce  d e h y d r a t i o n  o f  
f e r r i h y d r i t e  and t h e r e b y  r e i n f o r c e  h e m a t i t e  f o r m a t i o n  
d i r e c t l y ,  but  may a l s o  a c c e l e r a t e  Fe r e l e a s e  and 
o r g a n i c  m a t t e r  d e c o m p o s i t i o n  and t h e r e b y  f av o u r  
h e m a t i t e  f o r m a t i o n  i n d i r e c t l y .
( a f t e r  Schwer tmann,  1 9 8 7 b ) .
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0 .6-
0 .5-
Hm
m  I459dj
126 7 8 9 10
PH
F i g u r e  2 . 14 :  The r a t i o  o f  h e m a t i t e  t o  h e m a t i t e  + g o e t h i t e
(Hm/Hm+Ct) formed from f e r r i h y d r i t e  i n c r e a s e s  wi t h  
i n c r e a s i n g  s t o r i n g  t e m p e r a t u r e  be tween 4 and 25°C. 
Be s i des  t e m p e r a t u r e ,  pH a l s o  has  a s t r o n g  e f f e c t ,  
( a f t e r  Schwer tmann,  1 9 8 7 b ) .
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- 0 . 3
0 2 3 4
WHH ( d o g . )
F i g u r e  2 . 15 :  Curves  r e l a t i n g  t he  s h i f t  due t o  d i f f r a c t i o n  f rom
smal l  p a r t i c l e s  f o r  s e l e c t e d  g o e t h i t e  l i n e s .  These 
cu r ve s  were c a l c u l a t e d  assumi ng c r y s t a l l i t e s  w i t h  t he  
same number o f  u n i t  c e l l s  a l o n g  t he  a and b axes  but 
i n f i n i t e l y  many a l o n g  t he  c a x i s .
( a f t e r  S c h u l z e ,  1984) .
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F i g u r e  2 . 1 6 :  R e l a t i o n  between u n i t - c e l l  volume and A1 s u b s t i t u t i o n  
f o r  s y n t h e t i c  g o e t h i t e s .  The g o e t h i t e s  were p r e p a r e d  
from f e r r i h y d r i t e  c o n t a i n i n g  d i f f e r e n t  amounts  o f  A1 
in 0 . 3  M KOH a t  70°C ( s e r i e s  28,  31,  34; Sc hu l ze ,  
1984) ;  i n  0 . 3  M KOH a t  25°C ( s e r i e s  35; Sc hu l ze  and 
Schwertmann,  1987) in 2 M KOH a t  70°C ( s e r i e s  12; 
Sc hu l ze ,  1984) ,  and by o x i d a t i o n  o f  F e C l 2 - A l C l 0 
s o l u t i o n s  a t  pH 6-7 and 25°C ( s e r i e s  3 / 4 ;  Sc hu l ze ,  
1983) .  ( a f t e r  Schwer tmann,  1987b) .
CHAPTER 3
MATERIALS
3.1 INTRODUCTION
This chapter presents a preliminary description of the series of samples 
used in the investigation in order to provide a framework of reference for the 
main part of the work. Some of the experimental methods which were used in 
the initial preparation of the samples are outlined and the results of some of the 
preliminary classification tests on the samples presented. The earlier sections of 
the chapter summarise soil sampling, sample handling and storage and initial 
sample preparations prior to tests being conducted on the soils. The procedures 
used in separating the soil into the different fractions on the basis of mineralogy, 
colour and particle size are then presented. The preparation of the synthetic 
iron oxide particles which were used as controls for the experiments are outlined 
in the later sections.
3.2 ROCK AND SOIL
The rock and soil samples used for the investigation were supplied by the 
Geotechnical Control Office (GCO) in Hong Kong., soil sampling and some initial 
tests were also done by the staff of the GCO who also arranged transportation to 
Glasgow University, Scotland. A Special Project Report detailing the description 
of the site, geology and sampling procedures was supplied (Irfan, 1986), and 
extracts from the report are summarised in parts of the next sections.
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3.2.1 Description of the Sampling Site
The samples were collected from recently excavated cut slopes in Shouson 
Hill, Hong Kong Island. The sampling site is situated on top of a hill (125m 
above Principal Datum, which is approximately at sea level) at the junction 
between Deep Water Bay Road and Shouson Hill Road West. Figure 3.1 shows 
a generalised solid geological map of Hong Kong Island. The location of the 
Shouson Hill site is marked on the figure. It could be seen from Figure 3.1 
that, in general, Hong Kong Island is composed of granitic as well as volcanic 
rocks. Although the sample site indicated in the figure overlaps between the two 
types of rocks, the samples used in this investigation had been selected from the 
granitic rock area. The topography of the site at the time of block sampling is 
shown in Figure 3.2. As a result of recent road widening to provide easy access
to a building site below the hill, the site has since been reduced in size by
cutting into the hill both from the east and north. Cut slopes 10 to 20 metres 
high have now been formed on the eastern, northern and western sides of the 
hill (Irfan, 1986).
GCO's preliminary inspection of the sampling site indicated that there was 
horizontal as well as vertical variation in degree of decomposition and
disintegration of the granite over the site (Irfan, 1986).
3.2.2 Engineering Geology of the Site
Detailed descriptions of the geology of Hong Kong can be found in Davis 
(1953) and Allen and Stephens (1971) amongst others. The site was composed of 
weathered granite. The rock in the area was mapped by Allen and Stephen
(1971) as medium—grained facies of Hong Kong granite. The new Geological 
Survey of Hong Kong re— defined the granite on site as belonging to the fine— to 
medium—grained granite type, i.e. average grain size of 1 to 4mm. Individual 
grains as large as 8  to 10mm could be found, however (Irfan, 1986).
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In the fresh state the granite was grey coloured, equigranular and 
non— porphyritic. The main constituents of Hong Kong granite as given by Allen 
and Stephens (1971) are:
Quartz ................  23°/o to 42%
Potassium feldspar ......31% to 42%
Plagioclases............ 16% to 35%
and Muscovite unspecified
Davis (1953) also gave the composition of what he described as a typical 
Hong Kong granite (from Kowloon Peninsula) as:
Qu a r t z  .........................................................................................30.54%
O r t h o c l a s e  ( P o t a s s i u m f e l d s p a r ) ................................30.02%
A l b i t e  (Sodium p l a g i o c l a s e ) ......................................... 27.77%
A n o r t h i t e  (Calc ium p l a g i o c l a s e )  ................................5.00%
Di o p s i d e  ......................................................................................0.71%
Hype r s t he ne  ...............................................................................3.77%
Magne t i t  e ................................................................................... 0.70%
I l m e n i t e  ......................................................................................0.46%
and P y r i t e  .......................................................................................... 0.20%
There is a close agreement in the broad mineralogy of the granite as given by 
both authors.
A fine grained granitic dyke (aplite) of varying width, 1 to 3m, cuts the 
granite in a NE -  SW direction at the southern end of the site (see Plate 2 of 
Irfan, 1986). A number of quartz veins were present striking approximately
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WNW — ESE. Two nearly vertical joint sets and gently dipping sheeting joints 
formed the three dominant discontinuity sets in the granite. Joint spacing is 0.5 
to lm  for vertical sets and 0.2 to 0.6m for the subhorizontal set (Irfan, 1986).
3.2.3 Weathering and Alteration
A report on the weathering and alteration of the soils at the time of
sampling was given in Irfan (1986) and is summarised below.
The granite on site was completely weathered to a considerable depth with 
a thin residual soil layer on top. A few corestones of less weathered granite, up 
to lm  in diameter, occured mainly towards the top of the completely weathered
zone. Although the rock was weathered to soil— like material and could be
generally described as 'completely decomposd granite (CDG)' or 'grade V 
decomposed granite' according to the commonly used classification in Hong Kong 
(GCO, 1984; also see Table 3.1), variations in degree of weathering both in 
terms of chemical decomposition and physical disintegration, occured vertically as 
well as laterally throughout the site. A general classification of the soils formed 
from the weathering of granite at Shouson Hill is given in Table 3.2. Figure 3.3 
gives a sketch of one of the newly formed slopes illustrating the variability of
weathering characteristics found on the site. In addition, the granite was 
hydrothermally altered (kaolinised) mainly around the quartz veins (see Plate 4 of 
Irfan, 1986). The degree of chemical alteration was intense in these 
hydrothermally altered areas, with all the feldspars altered to kaolin
pseudomorphs, and the granitic soil in these locations is clayey silt with some 
sand (Irfan, 1986). The intensity of alteration decreased away from the quartz 
veins. It is considered that hydrothermal alteration, i.e. alteration of rock as a 
result of breakdown by heated water, played a significant role in the chemical
altering of the granite during the late stages of intrusive activity. Weathering
effects under a hot and humid sub-tropical climate were then superimposed at a
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later time when the rock was exposed to atmospheric agents (Irfan, 1986).
The degree of weathering away from the hydrothermally weathered zones 
was not as intense, although the plagioclase feldspars were weathered to 
gritty— to— soft grains. The potash feldspars were generally less decomposed but 
highly fractured. Within this general matrix of chemically decomposed granite, 
there were "corestones" and/or areas where feldspars showed very little 
decomposition but the rock was weathered to the condition of friable granitic soil 
(gravelly sand) as a result of mechanical disintegration.
The transition from completely weathered granite to residual soil was 
gradual (see Figure 3.3). Nearer to the ground surface the original granitic 
fabric was completely destroyed and soil was somewhat compact due to collapse 
(see Irfan's Plate 5). The intensity of decomposition of feldspar increased 
upwards in the weathering sequence, with a related increase in the silt— clay 
content of the soil. The final product was a clayey— silty sand. No feldspars 
were recognisable near the surface.
The sub— horizontal sheeting joints near the surface contained dark 
yellowish— brown clayey— silt infills presumably washed in by infilterating surface 
water and/or formed as a result of more intense weathering along joints.
3.2 .4  Soil Sampling
Soil sampling was done by the staff of the Geotechnical Control Office 
(GCO) in Hong Kong based on the specifications supplied by us at Glasgow 
University, to provide undisturbed samples at various degree of weathering from 
fresh rock to the most weathered soil.
Undisturbed block samples of weathered soil measuring 450 x 450 x 300 
mm were taken at various depths from trial pits excavated on top of the hill. 
Fresh (unweathered) rock fragments were broken from corestones. The field 
description of the samples were made by the sampling team and these are
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summarised in Table 3.3. The weathered soil samples were trimed with a knife, 
covered with aluminium foil and wax, to prevent drying out, and placed in a 
pre— fabricated wooden box before being carefully transported to the GCO’s 
Public Works Central Laboratory at North Point in Hong Kong. Sub— samples 
were obtained from the main samples, with minimum disturbance, for direct shear 
tests, sieve analysis, atterberg limits and other preliminary tests. Undisturbed 
sub— samples were covered with aluminium foil and wax, wrapped in air— bubble 
polyethylene sheets, placed in well padded cardboard boxes and sealed for 
shipping to Glasgow University.
3.2.5 Sample Handling and Storage
On arrival at Glasgow University each package was examined carefully for 
signs that may indicate whether the package had been roughly handled while in 
transit. Each package was found to have notes posted on them advising the 
customs officials of the contents of the package and on the need for careful 
handling of the sample and avoidance of scanning with rays that may be 
detrimental to the integrity of the samples. Warning that the aluminium foil may 
trigger off metal detectors were also given. A copy of the same note was also 
found in each package. The packages were carefully opened, and notes made of 
the observations on packaging and conditions and size of each sample. The 
samples were checked against the field descriptions that were made earlier and 
additional descriptions of the state of the sample on arrival in the laboratory at 
Glasgow University, size, colour and other features of interest were made and 
these will be discussed later. Photographs of features of interest were obtained, 
and sub-sam pling done as necessary. The remaining samples were covered with 
aluminium foil and wax, wrapped in polythene and stored in a refrigerator set at 
9°C.
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3-2.6 Sample Numbers. Field and Laboratory Description of Samples
All the samples from the present site have been numbered with a common 
prefix of 404 to differentiate them from other soils from other sites that are 
being investigated within the Glasgow University, Fundamental Geotechnical 
Engineering Research Group. This prefix is then followed by a number which 
identifies the particular sample from other samples from the same site. The 
number normally begins from 01 for the deepest soil and progresses upwards to 
the shallowest soil. In the present case the samples have sample numbers
beginning from 404.01 for a fresh rock sample to 404.08 for the residual soil (i.e
8  samples in all). Duplicate samples, where available, were numbered from 11 
after the main samples, e.g 404.11 for the duplicate sample of 404.01 and 404.12 
for the duplicate of 404.02 etc.
Table 3.3 gives the decomposition grade, location and field descriptions of 
the samples. The decomposition grades used are according to the GCO 
classification and described in Table 3.1. The description of block samples was 
carried out in standard engineering geological terms based on the scheme
proposed by the Geological Society Working Committee (1972) and adopted in BS 
5930 (BSI, 1981). In turn, Table 3.4 explains the terms on which the 
description of the degree of weathering of the rock materials are based and Table
3 . 5  defines the simple manual index tests used to determine the degree of 
chemical alteration of feldspar.
The laboratory descriptions made in Glasgow are summarised below and 
expressed in tabular form in Table 3.6. The identification of the minerals were 
based on petrographic investigations done both in Hong Kong and at Glasgow. 
Most of the photographs shown were taken using a single oblique flash-gun. 
Each side of each small square of the scale mark represents 2mm.
Sample 404.01 is fresh rock obtained from a corestone from a deeper 
section of the site. A photograph of a typical section of the sample is shown in
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Plate 3.1. The granite could be seen to be non—porphyritic with equigranular 
texture. The light pink (K-feldspar) and white (plagioclase), transparent or
dulled (quartz) and black (biotite) grains could be distinguished easily. The white 
patch (labelled A) was very rare. It was composed of powdery material
(probably kaolin) and appears to signify the weathering of some of the original 
granite components to a clay pseudomorph.
Sample 404.02 is another rock sample taken from a corestone in a
completely weathered zone and the texture of the grains bear a close resemblance 
to those described for the fresher rock (sample 404.01). The feldspars in this 
case, however, showed a slight decomposition signifying a slightly more advanced 
stage of weathering compared to Sample 404.01. In addition, the sample had an
outer shell (3 to 15mm depth) which formed an iron stained rim around a
fresher inner core. A photograph of the sample is shown in Plate 3.2 and both 
the fresh inner core and outer iron— stained shell (e.g top left of photograph) 
described for the sample could be distinguished in the photograph. Plate 3.3
shows a photograph of a section through the sample revealing the two distinct
zones of stained (top part of sample) and unstained rock. The iron staining may
have been from iron released from the minerals (e.g biotite) within the granite 
itself ( "self—staining") or from an external source.
Sample 404.03 was similar to sample 404.02 in most respects as far as 
decomposition of the primary minerals was concerned. A characteristic of the 
sample, however, was the staining of iron oxide (reddish brown) around the fresh 
biotite grains, which tended to give the indication that the staining in this case 
was from iron oxide formed from the iron released from the biotite particles 
within the sample. Plate 3.4 shows a photograph of the sample. A coating of 
yellowish-brown dust, different from the iron oxide staining in sample 404.02), 
on the outer part of the rock could be seen in the photograph. It was possible 
to brush— off the dust coating in this case, and seems more likely to be from an
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external source.
Sample 404.04 was slightly more weathered than Samples 404.01 to 
404.03. In this case the plagioclase feldspars showed more decomposition, 
although the K— felspars were still generally fresh indicating that the plagioclase 
feldspars weathered faster than the K-feldspars. The black biotite had also lost 
some of its lustre. The rock at this stage had become weak and characterised by 
microfractures within the rock mass. Plate 3.5 shows part of the sample and the 
presence of microfracture is evident on the photograph. A yellowish— brown
colouring of the rock was also apparent. The dull colour of the biotite particles
also contrasted with those of the biotite particles of the Sample 404.01 shown in 
Plate 3.1. A close examination of the micro fractures in the sample itself showed 
them not to strictly follow the boundaries of the mineral grains as they could be 
seen sometimes to pass through individual minerals of feldspar, biotite and quartz.
Sample 404.05 was the first soil in the series. At this stage, the rock 
had become extremely weak, fractured and fragile, and the fine particle content 
(discussed later under particle size analysis) had increased as a result of increased 
weathering of the primary minerals. The K— felspars showed more decomposition 
than in the previous sample, but were still less altered than the plagioclase which
now showed a moderate to high degree of decomposition. The photograph (same
scale as in Plate 3.7) of the sample (Plate 3.6) showed a yellowish-brown 
staining (perhaps of iron oxide) of most of the soil particles. Very occasional 
red coloured mottles like that surrounding the biotite particle in the middle of the 
particle shown could be seen. These mottles were often found surrounding the 
biotite particles thus giving an indication of having been formed from iron 
released from the biotite. Some white, powdery materials (e.g below the red 
mottle in the photograph) were also sometimes seen and could be kaolin that has 
not been stained by iron oxide.
Sample 404.06 showed a more intense chemical decomposition of the
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primary minerals than 404.05, and the plagioclase feldspars showed extreme 
decomposition although the K— feldspars were still less weathered. The quartz
grains also showed some loss of lustre. Apart from a general yellowish— brown 
colouring of most of the soil, larger and more wide— spread patches of red
mottles than was the case with Sample 404.05 could be seen. As was the case 
with Sample 404.05 most of the red mottles were found surrounding the biotite
grains and gave the indication of having been formed from iron released from the 
biotite. The photograph of a fragment of the sample is shown on Plate 3.7 and 
shows red coloured mottle around a biotite grain. White patches of powdery,
unstained material (perhaps kaolin) could also be seen on the photograph.
Laboratory examination of Sample 404.07 showed the primary minerals to 
be more intensely weathered than the previous samples. The sample was more 
homogeneous, than the previous soils, and friable. The colour was mainly strong 
yellowish— brown with patches of black derived from decomposed biotite. The 
granitic fabric was almost lost, and the grain boundaries were no longer distinct. 
Most of the plagioclases were soft to powdery, K— feldspars were gritty and quartz 
grains were prominent. The photograph of a typical section of the sample (Plate 
3 .8 ) showed black patches of decomposed biotite, and the main yellowish—brown 
stained area of soil. Small particles of white feldspars (most <2mm across) could 
also be seen on the photograph. One crumb of the soil showing atypical patch 
of red—stained particles (see Plate 3.9) was also seen.
Sample 404.08 was residual soil. The granitic fabric was totally lost 
leaving a uniform, strong yellowish-brown to strong orange-brow n coloured soil. 
Plate 3.10 shows a photograph of the sample. The soil could be seen to be 
composed of dulled quartz grains (£ 30%), some as large as 8 mm, in a silty 
matrix. Plant roots, similar to those seen in the photograph, were also common. 
Occasional, tiny, root holes could be seen in the sample. Although the soil was 
the most highly weathered in the series, it was also the most firm. It is thought
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that the firmness of the soil may have been occasioned by collapse and possibly 
by the presence of a higher clay content which helped to bind the soil particles 
together.
3.4 INITIAL SAMPLE PREPARATIONS
3.4.1 Rock Samples
Typical areas of rock samples were sectioned and identical pieces obtained 
for impregnation (for subsequent thin sectioning), grinding for the various 
mineralogical analysis, scanning electron microscopy, etc. Some atypical areas 
were treated in the same manner. Powder or dust on the rock samples where 
available was carefully brushed off and stored in separate sample bottles for 
relevant testing.
3.4.2 Soil Samples
Generally, soil samples were required in either the disturbed or 
undisturbed states. Undisturbed lumps were obtained from required areas for 
impregnation and subsequent thin sectioning for polarised light microscopy and for 
making polished sections for scanning electron microscopy. Sub-sam ples for 
disturbed soil testing were obtained from typical areas of the samples, ligthly 
crushed between the fingers and passed through a riffle box. Successive riffling 
of the sub-sam ple was done to obtain representative samples for all the tests 
that were to be carried out. Sub-samples were stored in the refrigerator when 
not immediately used. Where possible, sub-sam ples were obtained from the 
main samples on the basis of mineralogy, colour and particle size and the 
procedures used in achieving these are given below.
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(a) Separation on Basis of Mineralogy
For investigation of some of the intact (unweathered or weathered but 
recognisable) primary minerals of the soil such as feldspars, micas, quartz, etc., 
the minerals were hand— picked and kept in separate, labelled sample bottles and 
stored in a refrigerator until needed.
(b) Separation on Basis of Colour
In soils where distinct colouring of some of the weathered minerals 
occured in the form of patches, mottles or concretions, such as the red and
yellow coloured mottles of iron oxide minerals, samples were obtained from these 
areas using clean spatulas and tested immediately.
Because the mottles were diffuse, it was not always possible to obtain
absolutely pure samples in— as— far as colour of samples was concerned and the 
colours of the samples stated refer only to the main colour of most of the
particles.
(c) Separation on Basis of Particle Size
Samples were separated on the basis of particle size in order to obtain the
mineralogical distribution in the different size fractions of the sample and for
concentration of the iron oxide minerals in certain fractions of the soil. About 
lOg of the soil was mixed with 50ml of distilled water and crushed lightly with a 
rubber pestle and mortar. The soil/water mixture was then sieved through a 
63/mi sieve. The pH of the soil solution passing the 63/mi sieve was adjusted to 
- 9 . 5  using sodium hydroxide, and the soil ultrasonically dispersed for about 1 0
minutes. Sedimentation was carried out in a standard 1000ml cylinder with the
soil solution constantly maintained at a pH of — 9.5. For the fraction <2/mi the
soil solution in suspension above the upper 5ml mark was decanted (using a
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pipette) after 8  hours. This was done repeatedly on different bacthes of soil until 
sufficient sample was obtained for the required tests. For the fraction <20pun the 
soil solution in suspension was decanted after 2  hours and sufficient sample 
obtained by repeated sedimentation of different batches of soils. The pH of the 
decanted soil solution was neutralised to -  7.0 using hydrochloric acid and the 
clay fraction recovered by centrifuging at 4000 rpm for 15 minutes, air—dried, 
crushed lightly and stored in sample bottles.
3.5 PARTICLE SIZE ANALYSIS AND SOIL MICROFABRIC
Particle size and plasticity characteristics have been used to classify 
engineering soils, e.g. British Soil Classification System (see BS 5930: 1981), 
Unified Soil Classification System and AASHTO system. This is particularly true 
of transported soils. The relationships which have been successfully developed for 
transported soils relating the results of soil classification tests and various 
engineering properties (e.g. Terzaghi, 1958), seem not to hold for tropical 
residual soils (Mitchell and Sitar, 1982). This partly stems from the difficulty of 
determining the exact grain size of engineering soils formed from the weathering 
of rocks under mainly tropical conditions. Particle size distribution of such soils 
is sensitive to the procedures used, e.g use of pestle and mortar to crush the 
soil, type of dispersing agent, amount of agitation, oven drying, etc. Another 
factor to be considered is that besides the variations within very short distances 
related to micro— environment of weathering, variations in grain size also result 
from variability in the initial mineral size and composition of the the original 
rock. Lumb (1962) reported that considerable variation in grading and void ratio 
of the decomposed granite can occur in small volumes of soil, and this variations 
seemed haphazard and quite unpredictable even within a single trial pit of
borehole.
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Various procedures have been recommended for the preparation of tropical 
and sub— tropical residual soils for particle size analysis (a brief review of some 
of the proposed methods was given by Irfan, 1986). While some of the methods 
proposed have discouraged the use of pestle and mortar for crushing the soil 
prior to particle size analysis, others have argued that the variability of the grain
size due to non— use of pestle and mortar is insignificant. Oven drying may
change the composition of clay minerals in lateritic soils (Mitchell and Sitar, 
1982), and Irfan (1986) also reported experiences with less weathered soils 
typically present in Hong Kong. According to him, samples which were oven 
dried before treatment gave lower clay and silt contents when compared with 
air— dried samples. The current practice at the Public Works Central Laboratory 
(PWCL) of the Geotechnical Control Office in Hong Kong for particle size
determination involves oven drying at 110°C on occasion followed by breaking
down using a porcelain pestle and mortar. The soil is then dispersed using 
sodium hexametaphosphate (Irfan, 1986).
For the benefit of comparison between results of particle size analysis 
performed on samples from the same site by the GCO, the samples were treated 
in a similar way to those used by the PWCL. The samples were dried,
overnight, in an oven at 110°C, then crushed under distilled water using a 
porcelain pestle and mortar. The soil was then dispersed using sodium
hexametaphosphate before sieve analysis and hydrometer tests were performed. 
Both sieve analysis and sedimentation, by hydrometer test, were done in 
accordance with the provisions of BS 1377 of 1975. Due to the small amount of 
samples available only one determination of particle size was done for each soil. 
This reason, combined with the low silt and clay content of samples 404.05 and 
404.06, made it impracticable to perform hydrometer tests on these samples.
The summary of particle size distribution (psd) results is given in Table
3.7, and the associated grading curves are given in Figure 3.4. Table 3.8 gives
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the summary of psd results obtained by Irfan (1986) for samples from the same 
site. From Table 3.7, the combined silt and clay contents could be seen to 
increase from Sample 404.05 to 404.08 signifying the direction of increase in 
weathering of the primary granite minerals as observed by visual examination 
(Section 3.2.6). Although it was not possible to determine the separate silt and 
clay contents for Samples 404.05 and 404.06, due to sample shortage, a 
comparison of the values obtained for samples 404.07 and 404.08 showed that the 
content of the clay size fragment had increased from about 9%  in Sample
404.07 to about 18% in the Sample 404.08. Also, almost all the clay in Sample
404.08 (17% of the 18% total clay content of the soil) was found to have 
particle size smaller than 0.25/an. Suspension of the dispersed silt and clay 
fractions of the other soils also showed particles that remained in suspension for 
upward of 3 days, signifying the presence of clays of very small particle size in 
all the soil samples. Results of infrared analysis, reported in Chapter 7, also 
showed the kaolinite particles in the soils to be of very small particle size.
The microfabrics of the soils were investigated by scanning electron 
microscopy (SEM). The procedures for SEM are discussed in Chapter 5, under 
electron microscopy, and additional SEM micrographs are shown in the Chapter. 
Figure 3.5 shows a representative SEM micrograph of fractured surfaces from 
Samples 404.05 and 404.06. The micrographs were dominated by fibrous particles 
(which were identified to be halloysite tubes by transmission electron microscopy) 
which appeared to be growing out from a primary mineral (probably a feldspar). 
As discussed later in Section 5.10.1, both silt and clay size tubes could be seen 
(see also Figure 5.10). An examination of the soil sections also indicated a high 
void ratio signified by a generally porous structure of the soils. Three main 
types of voids could be identified and included:
(1) Etch- pits in the feldspar grains. These were few, perhaps due to the
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advanced weathering stage of some of the feldspars.
(2) Voids with rounded edges similar to those seen in Figure 5.10. These were 
fairly common, and could be seen to go through the piles of halloysite tubes with 
some having diameters of up to 5 /an. The dark centre of the holes gives the 
impression of good depth, and the rounded edges appeared to indicate formation 
by infilterating fluid. Although these may have been formed insitu, there is also 
the possibility that some of them were formed during sample preparation by
critical point drying. In any case, the presence of the voids is an indication that 
the halloysite particles were loosely packed in large, deep voids within the soil
fabric.
(3) 'Channels' or 'troughs' between ridges of remnant feldspars from which
halloysite particles were growing out (see Figure 3.5). In optical microscopy of 
thin sections, these were seen as clay— filled channels and were the most common 
of the voids.
As weathering progressed, the mineralogy of the soils changed slightly (as
discussed in Section 5.10.1) and a more compact structure of the soil was 
indicated (e.g see Figure 5.14 for SEM of Sample 404.08). It is possible that 
the small size of some of the clay particles in the soils contributed to their ease 
of being leached out of the soil, leading to an increase in void ratio and 
subsequent collapse of the soil fabric. Irfan (1986) had stated, for the Shouson 
Hill soils, that "...the low clay contents may have resulted either from leaching 
out of fine clay minerals and colloids as they are formed during the course of 
weathering, or from extensive etch pit solution of feldspars without forming clay 
minerals. Those samples are hence likely to show metastable behaviour (collapse) 
and densification, during deformation under load, due to their high void ratios
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and clay deficient microfabrics". The findings of the present study supports this 
statement.
3.6 SYNTHETIC IRON OXIDES
Experiments on synthetic iron oxide particles were used as controls for the 
main experiments on the soil samples. Ferrihydrite, goethite and hematite being 
the most common forms of iron oxides present in soils were used as controls 
pending the outcome of initial tests on the soils. Further tests on the soils did 
not reveal the presence of other forms of iron oxide which may necessitate using 
their synthetic forms as control. The procedures used in the preparation of the 
synthetic forms are outlined below. Analar quality reagents were used.
3.6.1 Ferrihydrite
S ix- line ferrihydrite was prepared by the method of Eggleton and 
Fitzpatrick (1988). 5 g of Fe(NO 3) 3 .9H 20  was dissolved in 500ml of deionised
H 20  at 75 °C with vigorous stirring and left for 13 minutes before rapid cooling 
in ice water. The solution was dialysed for 3 weeks with daily replacement of 
deionised water. The precipitate was then centrifuge washed three times with 
deionised water before being dried with acetone and ether. Some properties of 
similarly prepared six -line  ferrihydrite were given by Eggleton and Fitzpatrick
(1988).
3.6.2 Goethite
The synthetic goethite used in the studies was kindly supplied by Mr. E. 
Paterson of the Macaulay Land Use Research Institute (MLURI), Aberdeen. 
Preparation of the goethite was done using the method described by Atkinson et 
al. (1968). A partially neutralised, aqueous solution of iron (III) nitrate was aged
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at room temperature for 50 hours, then adjusted to pH 11.5 with aqueous sodium 
hydroxide (NaOH) solution. The resulting suspension was then maintained at 
60 °C for 5 days in order to promote crystal growth. Some properties of
similarly prepared goethites were given by Atkinson et al. (1968) and by Paterson 
and Swaffield (1980).
3.6.3 Hematite
The synthetic hematite used was provided by Blythe Colours of 
Stoke— on— Trent, England and has been named ALH 27 by the company. The 
hematite was prepared from a mixture of F eS 0 4 and N a 2C 0 3. The product was 
precipitated and oxidised in air at 17°C and pH 7.4 and then fired at 400°C for 
40 minutes.
3 .7  SUMMARY
The fo llo w in g  sum m arise some o f  th e  f in d in g s  o f  th e  s tu d y  
p r e s e n te d  in  t h i s  c h a p te r :
(1 ) The c la y  c o n te n ts  o f  th e  w e a th e red  g r a n i t e  and r e s id u a l  
s o i l  were g e n e ra l ly  low w ith  th e  maximum c la y  c o n te n t  o f  
18% in d ic a te d  fo r  th e  most w e a th e re d , r e s id u a l  s o i l .
(2) As e x p e c te d , th e  combined s i l t  and c l a y  c o n t e n t s  o f  the  
s o i l s  i n c r e a s e d  from the  l e a s t  w e a th e r e d  s o i l  t o  t h e  most 
w e a th e re d  s o i 1 .
(3)  An i n d i c a t i o n  o f  a v e ry  small  p a r t i c l e  s i z e  (<0.25^m) o f  
some o f  th e  c l a y  p a r t i c l e s  in  t h e  l e s s  w e a th e r e d
s o i l s  and most o f  the  c l a y  p a r t i c l e s  in  th e  most w e a th e r e d
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s o i l  was g iven  by p a r t i c l e  s i z e  a n a l y s i s .
(4)  Scann ing  e l e c t r o n  microscopy i n d i c a t e d  a po rous  s t r u c t u r e  
f o r  t h e  l e s s  w ea the re d  s o i l s .  The s t r u c t u r e  became more 
compact as w e a th e r in g  p r o g r e s s e d .
(5)  I t  i s  p o s s i b l e  t h a t  the  small  s i z e  o f  some o f  th e  c l a y  
p a r t i c l e s  c o n t r i b u t e d  to  t h e i r  e a se  o f  b e in g  l e a c h e d
out  o f  t h e  s o i l ,  l e a d i n g  to  an i n c r e a s e  i n  v o i d  r a t i o  and 
su b seq u en t c o l l a p s e  and d e n s i f i c a t i o n  o f  t h e  s o i l  f a b r i c .
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Table 3.3 . Weathered Granite Samples from Shouson Hill, Hong Kong Island
Description of Weathered Granite Samples Collected from Shouson Hill 
for Mineralogical and Chemical Analysis by Dr. P. Smart of Glasgow University. 
All samples were collected from recently excavated cut slopes.
Sample D e c o m p o s i t io n  L o c a t io n
No. G rade ( see  Map)
D e s c r i p t  ion  o f  
Hand Specimen
404 .08  VI Top o f  h i l l ,  j u s t
( t y p e  1  -  s ee  below ground
r e p o r t )  s u r f a c e .
(R es idua l  s o i l  i s  
1 - 2  m t h i c k  on the  
hi  11  t o p ) .
Y e l low ish  brown.  No g r a n i t i c  
f a b r i c  l e f t  q u a r t z  g r a i n s  (_30°/o) 
a s i l t y  m a t r i x .  C o n t a in s  r o o t s  
and vo i d s .
in
404 .07  V Sample t ak e n  from the
( t y p e  5 -  see  c r e s t  o f  4 m h igh
r e p o r t )  road  c u t t i n g  in
c o m p le te ly  w ea thered  
g r a n i t e  zone; 
a d j a c e n t  t o  a g rade  
I I I / I V  c o r e s t o n e .
No hand specimen  a v a i l a b l e  f o r  
d e s c r i p t  ion .
404 .0 6 V
( t y p e  4 
r e p o r t )
Sample t ak e n  from 
-  see  2 .5  m below c r e s t  o f  
4  m h igh  road  
c u t t i n g ,  a d ja c e n t  
t o  a q u a r t z - k a o l i n  
v e in .
Chemical d e c o m p o s i t i o n  i s  i n t e n s e r  
th a n  sample No. 5. K - f e l d s p a r s  a r e  
g r i t t y ,  some h a r d .  Most p l a g i o -  
c l a s e s  a r e  s o f t  t o  powdery.  Quar tz  
show some l o s s  o f  l u s t r e .
4 04 .05 V
( t y p e  3 
r e p o r t )
Sample t ak e n  from 
-  see  2  m below c r e s t  o f  
4  m h igh  road  
c u t t i n g  in
c o m p le te ly  wea thered  
g r a n i t e .
Ex t remely  weak, y e l l o w i s h  g rey ,  
no rm a l ly  w e a th e r e d  g rade  V g r a n i t e  
(as  opposed to  a l t e r e d  g rade  V 
g r a n i t e  -  sample No. 6 ) .
P l a g i o c l a s e s  a r e  g r i t t y  to  powdery 
( i . e .  m odera te  t o  h i g h  de g re e  o f  
dec o m p o s i t i o n  -  see  a t t a c h e d  r e p o r t ,  
Table  3 ) .  K - f e l d s p a r s  a r e  h a rd  to  
s l i g h t l y  g r i t t y  ( i . e .  f r e s h  to  
s l i g h t l y  decom posed) bu t m ic r o ­
f r a c t u r e d .  B i o t i t e  i s  s o f t e n e d ,  
b l a c k  t o  g r e e n i s h  b l a c k  to  s i l v e r y  
g rey .
__________________________________  c o n t .
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T a b le  3 .3  c o n t d .
Sample D e c o m p o s i t io n  L o c a t io n  D e s c r i p t i o n  o f
No. G rade (see  Map) Hand Specimen
4 0 4 .0 4 IV
(St  r o n g e r  
e n d - t y p e  6 
s e e  r e p o r t )
(Weaker 
g r a d e  IV not  
c o l l e c t e d )
Sample t aken  from a 
0 . 4  m d iam e te r  
b o u ld e r  ( c o r e s to n e )  
e x c a v a t e d  from the  
new s l o p e ,  in 
c o m p le te ly  wea thered  
z o n e .
Weak to  v e r y  weak; c o m p l e t e l y  
d i s c o l o u r e d  ( y e l l o w i s h  brown),  
m i c r o f r a c t u r e d  t h r o u g h o u t . Some 
p l a g i o c l a s e s  a r e  h a r d ,  some g r i t t y ,  
o c c a s i o n a l l y  powdery ( i . e .  s l i g h t  
to  m odera te  d e c o m p o s i t i o n ) .  
K - f e l d s p a r  g e n e r a l l y  f r e s h  or  ve ry  
s l i g h t l y  decomposed but  f r a c t u r e d .  
B i o t i t e  i s  s t i l l  b l a c k  but  has l o s t  
some i t s  l u s t r e .  The rock  is  
c h e m i c a l l y  l i t t l e  a l t e r e d  but  
p h y s i c a l l y  d i s i n t e g r a t e d .
404 .14 IV Second p o r t i o n  o f  o r i g i n a l  Sample No. 4 ,  see  above.
404 .03 III Sample t ak e n  from a 
0 . 5  m d iam e te r  
b o u ld e r  ( c o r e s to n e )  
e x c a v a t e d  from the 
new s lo p e  in  
c om p le te ly  wea thered  
z o n e .
M odera te ly  s t r o n g ,  
c o m p l e t e l y  d i s c o l o u r e d ,  
l i g h t  y e l l o w i s h  g r e y  in  c o l o u r .  
P l a g i o c l a s e s  a r e  g e n e r a l l y  h a rd ,  
but  o c c a s i o n a l  g r a i n s  a r e  s l i g h t l y  
g r i t t y  ( s l i g h t  d e c o m p o s i t i o n ) .  
K - f e l d s p a r s  a r e  v e r y  h a r d  ( f r e s h ) ,  
some a re  m i c r o f r a c t u r e d .  B i o t i t e  
i s  s t i l l  s h i n y  b l a c k  but  w i th  
r e d d i s h  brown s t a i n i n g  a round  
g r a i n s .  G r a in  b o u n d a r i e s  have 
t endency  to  open up.
404 .1 3 III Second p o r t i o n  o f  o r i g i n a l  Sample No. 3, see  above
404 .0 2 II Sample t aken  from 
a g rade  II  c o r e ­
s t o n e ,  approx.  0 .5  m 
in  d i am e te r ,  in  
c o m p le te ly  wea thered  
z o n e .
Y e l low ish  brown s t a i n e d  r im (5 to  
25 mm wide)  f r e s h e r  c o r e .  G r e e n ish  
g rey  t o  m i lky  g r e y  p l a g i o c l a s e  
f e l d s p a r s  i n  t h e  f r e s h e r  core  
i n d i c a t e  s l i g h t  d e c o m p o s i t i o n .  In 
the  i r o n  ox ide  s t a i n e d  r im  some 
p l a g i o c l a s e s  a r e  g r i t t y  to  ha rd .  
K - f e l d s p a r s  a r e  f r e s h .
  ----------------------------------------------- cont
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Ta b le  3 .3  c o n t d .
Sample D e c o m p o s i t io n  L o c a t io n  D e s c r i p t i o n  o f
No. Grade (see  Map) Hand Specimen
404 .01 Approx. 20 m below 
c r e s t  o f  cut  s lope  
from a 4 m d i am e te r  
grade I / I  I c o r e s t o n e  
in  m odera te ly  
wea the red  G r a n i t e  
z o n e .
Very s t r o n g ,  l i g h t  p i n k i s h  g rey ,  
f r e s h ,  m ed ium -gra ined  ( 2  t o  6  mm) 
GRANITE. E q u i g r a n u l a r  
t e x t u r e  but w i t h  o c c a s i o n a l  
f e l d s p a r s  up t o  1 0  mm in  d i am e te r  
B i o t i t e  < 5%.
404 .11  I Second p o r t i o n  o f  o r i g i n a l  Sample No. 1, see  above.
Re typed  from the  o r i g i n a l  s ig n e d  by D r . T . Y . I r f a n ,  2 7 .1 1 .8 7 ,  w i th  t h e  f o l l o w i n g  
cha nges :  r e - o r d e r e d ;  s e r i e s  number 404 p r e f i x e d  to  sample numbers;  
samples  1, 3, and 4,  s u b d iv i d e d .
The r e p o r t  r e f e r r e d  t o  i s ;  T . Y . I r f a n .  (1986) .  D e s c r i p t i o n  and c l a s s i f i c a t i o n  
o f  g r a n i t i c  s o i l s  f rom Shouson H i l l .  Spe c ia l  P r o j e c t  Repor t  SPR 4 / 8 6 .  
G e o t e c h n i c a l  C o n t r o l  O f f i c e ,  C i v i l  E n g in e e r in g  S e r v i c e s  D epar tm ent ,  Hong Kong.
VU. RED. 404DES Checked O.A.A. 89 .12 .01 .
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Table 3.4 Terms for the Description of the Degree of Weathering of 
Rock Material (based on IAEG*, 1981)
Term Degree of Change (Per cent)
Fresh 0
SIightly Over 0 - 1 0
Moderately 10-35
Highly 35 - 75
Ext remely Over 75
Completely 100
* International Association for Engineering Geology
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T a b le  3 .5  Simple Manual Index T e s t s  to  Dete rmine th e  Degree o f  
Chemical  A l t e r a t i o n  (Weather ing and Hydro thermal  
A l t e r a t i o n )  o f  F e l d s p a r  ( a f t e r  I r f a n ,  1986)
S c a l e Term Degree o f A l t e r a t i o n F i e l d  R e c o g n i t i o n
1 Hard Fresh  to  S l i g h t l y Cannot be cu t by 
k n i f e ;  canno t  be 
g rooved  w i t h  a p i n
2 G r i t t y M odera te ly Can be cu t  by k n i f e  
o r  g rooved  w i t h  a 
p i n  under  heavy 
p r e s s u r e
3 Powdery Highly t o  Ex tremely Can be c r u s h e d  to  
s i l t  s i z e  f ragm en ts  
by f i n g e r  p r e s s u r e
4 Sof t Completely Can be moulded v e r y  
e a s i l y  w i t h  f i n g e r  
p r e s s u r e ,  t o  c l a y  
s i z e  f r a g m en t s
Ta
bl
e 
3.
6 
Su
mm
ar
y 
of
 
th
e 
La
bo
ra
to
ry
 
De
sc
ri
pt
io
n 
of
 
Sa
mp
le
s.
89
Chapter 3: Materials
uo
co<DQ
&
cd
C/5
CO <D CDu 0 0 U < - \
o • h CD cc d c d • dSh CD 4-> 0 0 oO 1 3 CO N o CO O CO Ih
C o • o 4-> c " d C X
c d c a S . • rH • r r 1
1— 1 CD s c d 4-> o o c d X
c d CO " 0 0 0 0 3 CO > u CO
S 4 -4 c c O C T • rH o o
c o o c d c d 1 3 CD CD ' S
o i n u 1 3 o o N o
X S h <d O H C I h U f t 4 -> . CD4 -4 > 1—H c d CD c d E 5 - c r - H 4 -4’ p h 2 • p - 0 - i X 2 0 0 cd cd CD CD4-4 CO o co < CD c CO 3 CD X 4 -4
• - h co • r H X 4-> o o CT CO o
a cd X U • rH H H 2 C 0 0
£ £ — H £ o 4-1 4-4 CD c X
3 Ih £ r - H X ) 0 o CO X o
<— i Q —c c d 4-1 •— c CD ■ rH c C o U 1 3O h X cd i n d) S h X cd X 1 3 4 -4 (D4-4 • r H E > S <D CO CD X - H C /5 CO
0 4 -4 o O X 1 3 CD 1- 4 -4 3 V O
cd CO 4-1 cd 4 - t 4 -1 4-) <D •  rH c d O a4-4 X cd CO I h u u P O v O E
C 4 -4 1 3 c C M o o CD O cd CD g \ O4-h o d) •rH • r n = * a .  t o 00 CO V O o
c S- C X E c CO I h O O CD CD
s —' cd -r~\ CD N—✓ 0 3 4-> cd I— H Q£ 1 3
s d> CD o O o — i 4-4 o > -
£ d ) a o 5 X £ CD X o 3 • rH E
1— 1 a C O 4-1 \ £ T O s - <D O 4 -4 O O
c s l X cd cil CD 0 0 c X Ih H -C Ih
O c d ■ > - ' X O r • rH (D <D cd cd O h
r— i •rH •— P > . CO c d c £ O h — H
s . ■— CO " d > s . s . •rH CO —
X O h o C CD X c d o o  x CO cd 4 -4 CD X
CO •rH O O O O h 1 3 c CO o
00 4-4 cd C p H o T ) 1 3 • r r <D c c d
p - c d O h S - c d l-H c 5 - o CD U 3 H H
r H 2 o 00 s - * r H <D c d <D > l-H cd Z X
£ <— i O h > o a
X d) <D N CD r—I X 4 H • r n CO > 4
s S- 4-4 N CD 1 3 CO — 4-4 C l -H r H
cn o 3 Sh •rH CO o CD o — L h c d c \
o CO 4-4 c d co C O n S h l-H CD c d c d u •  rH r - H
C M o 3 3 i— I CD 1— H ! h a 4-4 c d
4-* 3 c r N Z X 4-> X CD Z
CO 3 S, 4-4 co 4-> CO c d C 4-4 •— >
c d XI 4-> - s - c d c d o • r n CD co c d
t o 1 3 c d 5 CD s u 00 <D c • • i n
- 1 3 CD 3 £ £ O h 00 o 1 3
<d e d> •— a S h CD c d 4-* U •rH <D
N u O •— o N >> •d 3 c d CO •—i
— •rH CO •rH 3 X • rH l-H o c X ■-H c d 4-4 C4H
c o O h <D 4-> T 3 • rH co X •rH c d o 4-4 o
h h o — c oo Sh - C+H o o
(15 - 0 c - c d 3 d ) X r 1 3 O o s CO
CO X S- •rH r —c X c d CO CD CD
a 3 <D c d Sh CO a O h 3 O CD 4-4 c o X
e O 4-> Sh — d) c d E O h o • r n N 3 c d o
c d CD o (D 3 4-> 5 c d o o CD 4-4 •rH X £ 4-4
CO c 0 5 0 0 c d CO •rH c 0 CO c d
d) Sh c £ s - > » 4-4 CD c 1 3 I h a
H H o o CO c d 3 r-H 0 0 C CD 3
c d 0 > »  " 0 i CD O c d c C 0 CD •rH H 0 X
4-4 s c •rH X c r-H 4-4 c d £ U c d r-H — H 4-4
o o o 3 o 0 c d u o CD I h 3 o •rH
H X 4-> > C /5 O h U H E U X £ U 1 3 u £
1 3
c
cd
• d CO Ih
CD cd CD
CO £ 0 0
o 1 3 Sh
a • (D C cd
E CO H H cd H H
O C O h
o • rH E CD CD
cd cd N X
u Sh CO • rH
H 0 0 CO O
CD 4-4
2 N X CD
< 4-4 4-4 X 1 3
U Sh CD
U cd CD Sh
3 co CD cd
1 3 o * 3 4-4 CD
<D cd cd a
u 1 3 o E a
0) CD CD cd
X l-H X 4-4
4-4 H H co CO
cd 3 CD 13
CD 1 3 •HH
CO O o
■ d 4-4 4-4 >
c o
cd o 4-4 > »
P !h H H r H
£ CD 3 h H
4-4 (D o cd
O • HH C HH Sn
V O 4-4 • r r O h <D
O O h <h c
X • rH •H< CD
X > j  1 3 0 0
o s-
I - - . - <D CO 4-4
I— 1 CO > cd 3
Sh X
X cd O h
a O 4-4 -
o CO • — CO
cn 1 3 co 1 3
C M H — CD H H •HH
CD O cd o
co O h cd > >
cd Ih • r r
• d 4-4 u (D
CD Ih X
CD u X cd 4-4
N CD 4-4
X • r n c O h
CO 4-4 o 0
cd
CD (D CD c c
H H h h <D o
a X • rHE Oh cd O 4-4
cd O •HH Sh 3
CO Sh X X
• r n
r -H > » S h
cd C >> 4-4
4-4 • HH S h 1 3 coo cd CD cd • r nH E > X 13
COo
a-oo<uQ
<U
i3
cduO u
cd  o  
a a. >» <u
4-4 Sh
0)a>co
i
u*t 4->>  u 
d) o  
a  a  >> o-U >i
0)<U
CO
I
. -M> *-
<u o  cu a>> d> s.
2
e
cdcn
oo
o
<)■o
V OO
o
90
Chapter 3: Materials
a
e
cd
C/3
CmO £
01 0c —•M l-H
cd CU/-Nu > dbO v_r cu
aX CO
o \cd 00 00l-H \X >- inooo d in ac<f 3 CMmo 0<t S-i i—<i-'hcd id CU oc >> 0) Mcd i— Cc 3r-» • M Z do cd cu« a >» S-—i
O d c 4->
0) • M X
s . cd bO
0) 3 S —
CU o S i
i—« o d ma o cu Vs Ccd d • — 00
0) c cd \cd M n-c 01
• M c ao 01c e cu mcd g «—< •X o OM o • MM ad <u Li 0cd s . cd Shcu cu a a
S-i £a (U
01 01 c 01i cu • M CU
CU X a Xd 0 • 0• M M CU • • H3 cd 4-» s_ cda 3 a
CU 0u d o l-H do CU • M o 0)S a X u a
01 _a cda c3 M oHH - c • hh
01 cu 01
o u u cd
■M cd cd oC a a o•M 01 01 O
d c d ooc HH cd c cn — .(U CU Sh cd in
a
o
Cm 4-1
(U
>>
cd
v—r DC
Sh d cu N cd inX (U a •M o (U r*HSh o 01 j_CU 01 cu cd o
d X C 4-> ■*"'
cd M d •Hi •HH d ooCU cd c X cu \L CU cd Sh 3 c i—
i— i cd • HH
cd d HH - cd a
Cm CU • — d M in
cu 0 HH a <u 01 i—1HH I—l iM c ca >> 3 01 • HH 05 Xa H-1 d cd c
cd c CU M • M
C/3 •M CU L 01 « in
cd a CU c Sha o 5 3 bO 2 o
d
CUoioae
o
o
rH U
H  
X —Z0  < m 06rH CJ
01 d  
cd cu 5 s-
0)
CU X  
N H 
— cd
oi cu
a)
a ~a a
Cd > 
01 -m
u
r-H Sh
cd cd
mo cH O
oiw  O) VOd  O 
N —  •
•M O  < f  
S- >  O  
cd <f
3
CT- • 0 )d  —d  c a  c s s
cd o  cd
Uh  01
<u oi cW U «— O
4-> O  CU0 s- w— o x  o  xc 4->x
01 - o<U <U m
Sh rH
a  X) C 
cd o
X  -T -rH 
HH Sh 4->
cu a  3> -a•HH «HH
+-> •— i l _
cd X  m  
rH M «
<U -HH «ML I  3
Cm 0)
0  4->
01 4-> 
<U O
X  -H-
O X
4->
cd <ua  x
4-»
d
C Cm 
cd o
3 0) O S — o
— > C/5
<U
>» dc
Cm 30 o u
bO cd c
•M 01c <u
cd MM M01 o S
C
•M T3
cd <u 
Z  l
O V
<u oi >- a/
o  N
M M 
Ih
a  cd 
cd 3  
<U CT 
=t
d
(U
<u
M
— -Cx  m
5  'HH 
£
cu
S  d
0  <u
01 C
W rH
H  3  
«  dz< t*H 
04 O 
U
d  
d  CU 
cU C/1 Ih O
h h  n o  cd COc 
cd w
vo 
cu \  o vo 
cdtss
3
c/i in
aso
o
0) 
cu >> o 
— cdM Cm 
X  S- 
bO 3
•M oi
C/3 d
<U
cm
O
-rv d
§ GS  cd
CM /rv CU
O b0 
M C
cd
a  U 3 o
dcu
X  a
01 o
•HH O
d  — 
d
cu cd 
s- cu 
s-
X  cd
0
cd d
hh a/
CQ CVh' •<—I
cdCM m 
\  0) CM
Sh
04 CU 
X  
in  u,
• cd
CM 13
-H d)
— X
cu H
01c •3 <U 
Z  r- a  - s
oi cd 
C 01
dc —
a) —.
CU
<U 01 
M C
.M CT
01 Z  oa  Cma  o o
bO 
(U C
cdo
o
>>Ih
<D
*0
£
oa
M X  
3  M 
O
X  M 
cd 3
HH Sh 0) (U b O a 0M 3 C M • M cd CU a
00 ■M £ 4-> •H •H a Sh X Sh
\ 0 £ O cd c M' b O 4-* C
00 a cd Sh •H d 3
O Sh b O HH d a <u
> d O V U. o \ <u o Sh >»
<U a cd co c CU l-H
in a X o a • lH d X Sh
cd cd c M • M
C M o 01 I— 01 M CU cd cd
C T <U X a 01 <u aHH ✓—s Sh cd in <u £HH CU X 3 - X • Sh c cd
<U M M /--s L 1 ^ - CU o CU01 • M o o £ <U a Sh d
C X CT cd £ a HH Sh 4-1 O cd
3 rH Sh HH cd cd a XZ a O - <u d
>> 01 r-H 0) 01 d >» d
>» cd cd X <U c <u <u HH cHH Sh ? ■M 0 X 3 a Sh 4-1 cdc U •M -M o Z o 3 XNhT (U 5 4-* C /3 O b O L
cd N a cd a O CU
z o •M a 3 a o O HH 4-*01 cd v • 01 4->• • 00 cu >> 0) - cd
Sh <U 01 Sh CU cu •HS cd HH
3 >- hh C CU X bO c a
O a >» • M d o C cuHH in a Sh cd a M cd o a 0)o cd <U Sh o cd Sh Sh • M cd
U C M CO > bO a a o X H- 5
01o
I"o
ocua
cud
cdu
O uCU O
a  a
>» CU 
M  Sh
d CUc <ucu 01
Sh 1
CU / —s> bO VO 4->
I M C Sho cu o
Sh a a
4-> > » (U
CO 4-> Sh
2
&cd
C/3
in
o
o
o
o
Sa
mp
le
 
No
. 
De
co
mp
os
it
io
n 
Sa
mp
le
 
De
sc
ri
pt
io
n
91
Chapter 3: Materials
CMCA c O Sh
C CU CUli­ .X Ml- 4-4CU ed cd o 3
4-4 Sh 4-4 <)■ ou •H bO
o - 4-> ca d) c•m 0 0) cd H H cd
S h 4-4 1— 4-4 5 aCD c XI •!- E X)
4-4 CD 4-4 4-4 cd c
c s- -X O cd ca cd
• M cd o •— -C
a cd -a =s c u cd<D ca H H cd H
jz c XL CD 4-4 -c Cm
H cd -C 3 4-4 Z Os- *d 4-4 -Q <
4-» c X) 04 CAcd Cm - CU a cd
w >> 0 CM Sh 5H H H O <U bOw •M ’d 4-4 JC c cu
z ca cu ca <t 4-4 0 c
< o ca o O cd Sh o06 £ o £ cu 4-4 N
U '—/ a CA
E ”d <U Sh
T3 N o c H H ca Cm CUCD 4-4 0 3 a ca 0 CU Sh cu O E cu c
3 cd T3 Sh cd l-H <U
O 3 cd ca c
i— CT >» ca 0 cu
o HH X) C cd N -C
o CM 4-4 CD cd £ Hca O -C Sh x: rH S hbO 3 4-4 cu o d)
”d ca •IH O O C
c 1—1 o "d cd <1- c ui•H ca o CU«4- o •1—Hi—i cd Sh Sh HH>> CD Sh <u bO (U 3 c z<1> 4-4 bO £ c XL CA (U cd <S- CD o l-H 4-4 H— o4bO i—i 4-4 ca c cd a Cm o
a c li­ <u CU E O
JZ £ CD - ed Sh cd X )
ca o c X ) 4-4 3 ca •d CU
o •fM S h ca <U 4-4 (U Sh
£ cd S h 0 C ca d)
o 4-4 0 x: C 0 cd cd 0 x:
H H a s- 5 £ Sh XL a 4-4
•— 1 XI a. >> o S h 4-4 £ cd0) h H Sh X) '—X o cu
>» - C+H I— 1 -a d) X) o 3bO o cd i £ — cu
4-4 C Sh x: CD cd Sh d>
JC o > > d) ca <U c CU HH 1—*bO Sh l-H c CA Sh SO a bO
4-4 C <D X3 CU 4-4 £ C
CA bOX) I - 4-4 cd cd ocd CU o X cu t/5 Sh>> £ 06 <u 5 4-4CM l-H CA Sh CA\ <D T3 s. (U c CU •r- 4-4 d) cd 4-4 cd Sh w CmCd CA a  x: c o H O
>- Ih O ca w CU £ *MCD a  x) cu -a z <u
in ■d £ l-H Sh <u •d < c
o o <u C4H jC o c 04 oz u Cm V-/ H 4.4 cd O N
0
4-4
4-4
x: cu CO Cm cubO Sh O Sh•M CU cd £ <D1— 3 cu O "d 5w 3 Sh (UN Cm CA CA>> 4-4 - o cu H-11— Sh ■d •d a 4-4 cd >>C cd cu cu £ •M Sh hho 3 c o 4-4 CU XLcr •-H Sh u o c cd•d cd cd XLcu X) 4-4 > -Q G O cuc cft • Sh oo cd -H CD - >> a cd-C C l-H Sh Sh V Cmw JC o cu 3 cd Shw S. XL 4-4 C £ CA 3w d) HH CA X CU CASh Sh CD Oh Sh x:cd Cm - <U 4-4 Oh o CUa, X) x: >> 4-4 cw — CU M Sh HH cd oX) — Sh cd 4-4 Oh1— •-H cu Cm HH CA ccu 4-4 -C O 3 o 4-4 >> o
Cm V) 4-4 C £ C Shcd -C cd V-4 CU CU c"d <U CU 4-4 l-H Sh Sh X) cuc Sh 5 o. l-H bO CA cd 5 <Dcd CU cu (U ■H Sh a o CA
5 >» a CA 3 cd CA a(U HH C a* Oh c bOSh w bO 3 cu CA cd CU C3 (U C Z •d Sh 4-4 —H
4-4 —H o JxL X3 HH 4-4 HH 5X o Sh O CA c <U r* oCU •!— 4-4 O cd cd Cm >> HH
4-4 4-4 W Sh HH HHSh 0 1 4-4 CD
Sh cd Sh Sh l-H —H CA
cd a <U CUHH 4-4 O £— 4-4 c cu • M £ o 4-43 CU 3 c -C Sh - v-x Sh x:C 4-4 O HH CA >> Cm bO
cd •l-H x: <U N —HSh 4-J c Sh CU o. 4-4 4-4 4-4 HHbO o cd CU -C Sh •M Sh Sh to••—1— .C 4-4 o XL cd cd3 -Q ”d CA a 3 o.cr cu CU Cm i cr cd
cu CU £ Sh O c >» /Ml-H 4-4 Sh Cm o HH X) X) CA- • M c O Sh Z 4-4 c cu cd
o XL cu Cm (U 3 CA cd Sh cu• -H Sh x: 0 O cu Sh
4-4 cd CU 4-4 HH • £ /-N x: cd•M C Oh C o u v J4 4-4Sh o w O X) o H a cd xl>> HH c N c M CD cd cu cu-C 4-4 cd 3 cu z CA l-H CA
a • M Sh Sh O x: < cd X3 cSh CA 4-4 <U Sh H o2 HH 3 4-»o 0 4-4 cd o o >» •fN
a a >» 3 • 0 l-H 4-4 C£ HH O |H e JZ 4-4 CA •Mi o 4-4 l-H g CA bO CA o HHc o W <u CU d> cd O £ oo CU O x: •C m Sh HH £ — H cdc X5 £ H CA r H Uh Oh cd J4
Chapter 3: Materials
92
Table 3.7 Summary of Particle Size Analysis
Sample No. Particle Size Fraction (%)
Gravel Sand Silt Clay Silt & Clay
404.08 53.0 16.0 13.0 18.0 31.0
404.07 48.0 34.1 8 . 8  9.0 17.8
404.06 37.7 50.7 n.d n.d 11.6
404.05 46.6 47.4 n.d n.d 6.0
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KowloonStonecutters Island
Hong Kong Island+
6a
Beaufort Island
Po Toi
3 km Island
V olcanic rocks 
G ranitic ro ck s  
V olcanic /  g ran ite  c o n tac t
Figure 3.1: Generalised solid geology of Hong Kong Island showing the 
sampling site (circled). (modified from Irfan, 1986).
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Figure 3.5: Typical SEM of Samples 404.05 and 404.06 showing clay 
fibres (halloysite) and 'channel' voids.
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P l a t e  3 . 1 :  Sample 404 . 01 :  F r e s h  G r a n i t e .
P l a t e  3 . 2 :  Sample 404 .02:  G r a n i t i c  r ock  w i t h  o u t e r  i r o n - s y a i n e d  r im 
and a f r e s h e r  i nne r  c o r e .
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P l a t e  3 . 3 :  Sample 404 . 02 :  S e c t i o n  o f  r ock  showing s t a i n e d  
( t o p  o f  pho t ogr a ph)  and u n s t a i n e d  r ock .
P l a t e  3 . 4 :  Sample 404 .03:  The sample i s  c o a t e d  w i t h  a 
y e l l o wi s h - b r o wn  c o l o u r e d  d u s t .
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P l a t e  3 . 5 :  Sample 404 .04  showing m i c r o f r a c t u r e s  and y e l l o w i s h - b r o w n  
c o l o u r i n g  o f  r ock .
P l a t e  3 . 6 :  Sample 404 .05:  Ye l lowi sh- brown c o l o u r e d  s o i l  p a r t i c l e s  
and r e d  m o t t l e  a round b i o t i t e  g r a i n .  Sca l e  i s  same as 
i n  P l a t e  3 . 7 .
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P l a t e  3 . 7 :  Sample 404 .06 :  Red m o t t l e s  and whi t e  ( u n s t a i n e d )  c l a y .
P l a t e  3 . 8 :  Sample 404 .07:  Ye l lowi sh- brown s o i l  w i t h  b l a c k  p a t c h e s  
from decomposed b i o t i t e .
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P l a t e  3 . 9 :  Sample 404.07 showing a t y p i c a l  p a t c h  o f  r e d - s t a i n e d  
p a r t  i c l e s .
P l a t e  3 . 10 :  Sample 404 .08:  Res i dua l  s o i l  w i t h  p l a n t  r o o t s  and 
q u a r t z  g r a i n s .
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CHEMICAL METHODS
4.1 INTRODUCTION
All the methods that involved the use of wet chemistry have been termed 
chemical methods in the present investigation. Some of the work reported in this 
chapter was made necessary by the need to prepare the soil samples for 
investigation using the main techniques reported later. This work includes 
concentration of the iron oxides in the soils and selective dissolution methods for 
the iron oxide minerals. In other cases, chemical methods such as X— ray 
fluorescence and atomic absorption spectroscopy were used to determine the 
elemental concentrations of untreated soils and of products obtained from the 
concentration and dissolution methods. In general, these tests provided additional
information which helped in explaining some of the observations of the main
techniques.
This chapter presents the procedures and results for the chemical methods 
in this investigation. Section 4.2 discusses the methods used to concentrate the 
iron oxides in the soils in order to make them easier to study by the main
techniques, while section 4.3 presents the selective dissolution methods used to 
estimate the different phases of iron oxides in the soils. Section 4.4 gives the
methods which were used for the determination of the elemental concentrations of 
the samples, and pH and organic content of the soils are given in Sections 4.5 
and 4.6 respectively. The results of the chemical tests are presented in Section
4.7. Analar grade reagents were used throughout.
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4 -2  CONCENTRATION METHODS FOR IRON OXTT>FS
Due to the low concentration of iron oxides in the soils in relation to 
other minerals, it was difficult to study them by the major techniques used in 
this investigation. After consideration of other options, it was decided to 
concentrate the iron oxides in the soils by dissolving some of the clay minerals in 
the soils. One common method of concentrating iron oxides in kaolinitic soils by 
dissolution of the clay minerals is the boiling 5 M NaOH method. This method 
was first proposed by Norrish and Taylor (1961) and has subsequently been used 
by other workers (e.g. Davey et al., 1975., Bigham et al., 1978., Kitagawa and 
Moller, 1979; Torrent et al., 1980 and Kampf and Schwertmann, 1982). A brief 
review of the method was given by Kampf and Schwertmann (1982) who also 
carried out a detailed examination of the method and have concluded that no 
significant changes to crystal morphology and Al substitution were induced by this 
treatm ent if the Si concentration in the boiling NaOH was sufficiently high. 
According to these authors, this is usually guaranteed by the kaolinite that 
dissolves in 5 M NaOH.
Dissolution of silicate materials with hydrofluoric acid is a well known 
method (Loveland, 1987) which has often been used to dissolve silicate materials 
for the purpose of analysing them for their elemental concentration (Langmyhr 
and Paus, 1968; Jeffery and Hutchinson, 1981; and Hannaker and Lie, 1984). A 
review of the method was given by Loveland (1987). Norrish (1968) used HF to 
concentrate soil phosphates and found that while kaolin minerals were effectively 
dissolved by the hydrofluoric acid, phosphate as well as accesory minerals such as 
titanium oxide, iron oxides and hydroxides, ilmenite and quartz were not attacked 
by the treatment. Illite was also found to be resistant to attack by HF. Hence 
it would appear that under favourable conditions, such as in the absence of large 
amounts of other minerals that may resist attack by hydrofluoric acid, the method
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could be used to concentrate iron oxide minerals, especially in soils where kaolin 
is the main clay mineral. So far, however, very few authors have used the 
method for concentrating iron oxides in soils.
4.2.1 Boiling 5 M Sodium Hydroxide (NaOHl Method of Concentration
The procedure used in this investigation was described by Kampf and 
Schwertmann (1982) after the method used by Norrish and Taylor (1961). 100
ml of 5 M NaOH was added to a 1 g clay in a covered 150 ml beaker. The 
mixture was boiled for 60 minutes on a sand bath and transferred to centrifuge 
tubes after cooling. The sample was spun down, the clear liquid was discarded, 
and the sample was washed once with 5 M NaOH, once with 0.5 M HC1 for 
15—20 minutes to dissolve sodalite, twice with 1 N (N H ^ C O g  to remove NaCl, 
and twice with distilled water to remove excess N H 4 and C O a. The sample was 
then transferred to a glass beaker and dried at 60 °C overnight to volatilize the 
remaining (NH 4) 2C 0 3. The (NH 4) 2C 0 3 step was preferred over ethanol or 
acetone washing because it was supposed to give better flocculation (Kampf and 
Schwertmann, 1982); and drying was done at 60 °C instead of the 100°C 
recommended by Kampf and Schwertmann (1982) so as not to effect any change 
in phase to ferrihydrite, if present. The residue was lightly crushed and stored 
in a glass sample bottle prior to testing.
4.2.2 Hydrofluoric Acid (HF) Method of Concentration
A review of the use of HF for decomposition of clay minerals was given 
by Loveland (1987). The procedure outlined by Norrish (1968) was used in this 
investigation for its simplicity. 2  g of clay was suspended (by mixing thoroughly 
with a plastic spatula) in 80 ml of distilled water in a 1 0 0 0  ml plastic beaker. 
80 ml of « 40% HF m/v was added, and the attack allowed to proceed for two 
minutes. (Where only a very small amount of sample was available it was found
107
Chapter 4: Chemical Methods
possible to scale down the quantities of soil, water and HF used accordingly).
The reaction was then stopped by rapid diluting to 1000 ml with distilled water, 
the residue was recovered as quickly as possible (usually within 10 to 30 minutes 
in this investigation) by centrifuging at 4000 rpm for 15 minutes, and it was then 
washed once with 1 N NaOH, once with 1 N HC1 and three times with distilled 
water or until all the NaCl had been washed out. The residue was then dried
overnight in an oven at 60°C, lightly crushed and stored in a glass bottle prior
to testing.
4.3 SELECTIVE DISSOLUTION METHODS FOR IRON OXIDES
As opposed to concentration of the iron oxides in the soil by dissolution 
of clay silicates and other oxides, selective dissolution in this investigation refers
to dissolution of either the total or a fraction of the iron oxides in the soil 
leaving mainly clay silicates and sometimes silicates with a fraction of the iron 
oxides as residue. A review of dissolution techniques for iron oxides was given
by Borggaard (1987).
Two methods of selective dissolution which had been used by various 
authors were used in the present investigation. These are the dithionite citrate 
bicarbonate method and the acid ammonium oxalate methods. The dithionite 
citrate bicarbonate method is a reduction procedure commonly used to determine 
the free iron present in a soil sample. The total iron present in soil includes 
the fraction of iron present in the structures of other minerals, such as in 
ferromagnessian silicates, biotite mica, illite clay minerals, nontromte, etc and the 
amount of free iron oxides, the crystalline and amorphous forms of iron oxides 
and iron associated with organic matter collectively constitute the free iron in
soil.
It is now clear that several soil materials can be extracted with oxalate
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and, although the method needs to be used with caution it is possible to get
useful indications of the type of short— range— order minerals which are present in 
a soil. Acid— ammonium oxalate is known to dissolve, or partly dissolve 
allophane, imogolite, ferrihydrite, Al associated with humus, lepidocrocite,
maghemite, magnetite and Al from chloritised vermiculite (Parfitt and Childs, 
1988).
The procedures employed for the dithionite citrate bicarbonate and the 
acid ammonium oxalate methods are outlined below.
4.3.1 Dithionite Citrate Bicarbonate Method of Dissolution
The dithionite citrate bicarbonate method of dissolution was done using the
procedure of Mehra and Jackson (1960). 100 mg of the clay fraction of the soil
was weighed into a 100 ml polypropylene tube and 5 ml of 1 M sodium 
bicarbonate (N aH C 03) solution was added. 40 ml of 0.3 M sodium citrate was 
then added to the mixture. The tube was placed in a water bath of boiling water 
and the contents brought to a temperature of 80°C. 0.5 g of sodium dithionite
(N a2S 20 4) powder was added to the mixture and stirred continously for 1 
minute. The mixture was maintained at a temperature of 80°C and stirred 
occasionally for 15 minutes. 10 ml of saturated sodium chloride (NaCl) solution 
was then added to the mixture (to promote flocullation) and left to cool. After 
cooling the residue was recovered by centrifuging and the procedure repeated to 
make three extractions in all. The residue was then washed with 50 ml of 0.05 
M HC1 to dissolve pyrite (FeS), and washed with distilled water until freed of 
salt. The residue was dried overnight in an oven at 60 °C, lightly crushed and 
stored in a glass sample bottle prior to testing.
4.3.2 Acid Ammonium Oxalate Method of Dissolution
A review of the various procedures for dissolution with acid ammonium
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oxalate was given by Parfitt and Childs (1988). In this investigation the 
procedure outlined by Schwertmann (1964) was adopted with slight modifications. 
A 0.2 M ammonium oxalate solution was adjusted to pH 3 using oxalic acid. 40 
ml of the solution was added to 1 0 0  mg of the clay fraction of the soil sample 
in a polypropylene tube, which was then stoppered and shaken continously in the 
dark (shaking in the dark prevents re— precipitation of the dissolved iron oxide) 
for 4 hours. The procedure was repeated to make two extractions on each 
sample in order to allow complete extraction of ferrihydrite, if present, from the 
sample. After each extraction the aliquot was decanted in the dark and kept in 
dark coloured bottles which were excluded from sunlight until tested for its Fe 
and A1 contents using atomic absorption spectroscopy. The residues obtained 
were washed with distilled water using a centrifuge, dried at 110°C, and stored in 
the dark until examined by X— ray analysis. Both atomic absorption spectroscopy 
and X— ray analysis were done in rooms excluded from direct sunlight.
4.4 ELEMENTAL CONCENTRATION
Elemental concentrations were determined both for untreated soils and for 
residues and aliquots from the concentration and selective dissolution methods 
described above. The aims were, principally, to know the chemical contents and 
concentration of the elements in the samples, estimate the effectiveness of the 
concentration methods, and identification of the iron oxide phase following 
selective dissolution. Two methods were used depending on the type and amount 
of sample available. Although X -ray  fluorescence (XRF) could be used to 
determine the concentration of several elements in one preparation, it is only 
useful for powdered samples available in large quantities. Atomic absorption 
spectroscopy was used for samples available in very small quantities and aliquots. 
Hence, both methods were used, sometimes complementarily, and the procedures
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used are presented below.
4.4.1 X— rav Fluorescence
The principles and methods of X— ray fluorescence spectroscopy was 
adequately covered in Vanden Heuvel (1965). The elements were analysed from 
fused discs prepared as outlined below.
(a) Initial Sample Preparations
For the rock and whole— soil, the samples were ground in an agate mortar 
to at least 100 mesh, and dried in an oven at 110°C for 24 hours to remove 
water. Clay— fraction samples were obtained by sedimentation as outlined earlier 
in chapter 3 and dried in an oven at 110°C for 24 hours.
(b) Preparation of Fused Discs
0.375 g of oven—dry soil was mixed with 2.0 g of flux (SPECTROFLUX 
105 containing lithium carbonate, lithium tetraborate and lanthanum oxide) in a 
platinum crucible. The crucible was then covered and placed in a furnace set at 
1000°C for 15 minutes, to free the sample of organic matter and water after 
which it was brought out, placed on a clean aluminium surface and allowed to 
cool. The soil—flux mixture was then melted on a blast burner and swirled 
(while holding the crucible with platinum— tipped crucible tongs) to ensure a 
uniform mix, until the melt was at dull red heat. The disc was formed by 
carefully pouring the melt onto a platten placed on a hot plate maintained at 
225 °C, and under a plunger assembly, and lowering the plunger firmly over the 
melt for a few seconds. The disc and platten were then placed between two 
asbestos blocks and transferred unto a hot plate maintained at 200 °C and left to 
stand for 30 minutes after which the platten and disc were allowed to cool, still 
enclosed within the asbestos blocks. When cooled, the disc was carefully removed
I l l
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and labelled, ready for analysis.
(c) Instrumentation
Analysis was carried out using a Philips PW1450/20 automatic X -ra y  
fluorescence spectrometer equiped with a 60 position sample changer and on— line 
"SuperBrain" microcomputer for data processing. The major elements were 
analysed from fused glass discs using influence factors to correct for the remaining 
absorption — enhancement effects (Jenkins and De Vries, 1969). The calibration 
coefficients were established routinely from internal Glasgow University standards 
with periodic checks of accuracy against international standards. The processing 
of data was done automatically through the microcomputer, and the results were 
expressed in percentage proportions by weight of the oxides of the different 
elements obtained. A summary of statistics obtained for determination of some 
m ajor elements using the system is given in Table 4.1. The figures are within 
the acceptable limits for the present investigation.
4.4.2 Atomic Absorption Spectrophotometry
The soil samples were digested with HC1 prior to elemental analysis using 
the method of Schulze (1984). 10 mg of the clay fraction of the sample was
dissolved on 2 ml of concentrated HC1 in a 25 ml volumetric flask. The flask 
was heated to about 150°C on a sand bath until the sample dissolved, and 
allowed to cool before being filled to 25 ml with distilled water. A1 and Fe 
were determined using a Perkin-Elm er Model 1100B atomic absorption 
spectrophotometer. The instrument was calibrated with appropriate standards prior 
to elemental analysis, and the values of the concentrations of the elements were 
printed out by an on— line microcomputer connected to the instrument.
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4.5 DETERMINATION OF pH
The pH of the soil was measured in both water and 1 M KC1 solution 
according to the methods of Jackson (1958). The pH in 1 M KC1 was done 
because it had been found to be less variable with experimental procedure, 
probably due to the presence of salts (Jackson, 1958). 10 g of the soil passing
the 2 mm apperture sieve was placed in a glass bottle, and 25 ml of distilled 
water (or 1 M KC1) was added. The mixture was shaken end— to— end in a 
mechanical shaker for 30 minutes and allowed to settle. The pH of the 
suspension was measured using a Calomel Reference Electrode connected to a pH 
meter. The average of two different determinations was taken for each soil.
4.6 DETERMINATION OF SOIL CO7
Carbon occurs in soils in four mineral or organic forms viz: Carbonate 
mineral forms (chiefly C aC 0 3^ ; organic carbon (e.g. charcoal, graphite, coal); 
humus, and little altered organic residues of plants and animals (Jackson, 1958). 
Each of these fractions, if present, contributes to the total soil carbon. In the 
case of the soils used in the present investigation, tests for the presence of 
carbonates using 4N HC1 (Allison, 1965) were negative, indicating that the 
contribution from carbonates to the carbon content of the soils was minimal. 
The carbon content of the soils was determined by dry combustion using the 
method outlined by Allison et al. (1965). After drying the soil at 110°C, to 
remove surface water, a furnace running at 1100 C was employed for oxidising 
the soil carbon to C 0 2 which was then removed, together with the water 
produced, with a current of nitrogen, absorbed in a tube which was packed with 
soda asbestos with a small amount of anhydrous magnesium perchlorate and 
determined gravimetrically.
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4.7 RESULTS
4.7.1 Elemental Concentration
Based on site observations and results of mineralogical analysis which 
showed possible mineralogical connections between the fresh rocks obtained from 
the site and the weathered soils it was assumed that the soils were derived from 
granite rocks that were similar to those obtained from the site and that all the 
soils were derived from similar parent material. Comparison of the chemical 
composition of the fresh granite obtained in this investigation with those obtained 
for other "Hong Kong granites", from different sites, by other authors (e.g Davis, 
1953) showed similarities which appeared to indicate that the granite may not be 
significantly variable over the area. The discussions in the following paragraphs 
are based on these assumptions. The samples in the Tables are arranged in 
order of decreasing weathering (downwards) as shown in Table 3.1. As noted 
earlier, the elements have been expressed in the form of their oxides , although 
some of them were not necessarily present in these forms.
The summary of chemical contents of the untreated whole sample and clay
fraction of the soils are shown in Tables 4.2 and 4.3 respectively. Changes in 
the concentration of the various elements in a soil sometimes reflect the 
weathering behaviour of the primary minerals in the rock. The concentrations of 
Mn and P in the samples were very low, as could be seen from Tables 4.2 and
4 .3 , thus suggesting that minerals which contain these elements, e.g oxides of
manganese, and apatite (a P bearing mineral found in some igneous rocks) may 
be of very minor proportion in the samples. The Ti content of the whole soil 
and clay fractions was also found to be of very minor quantity and did not vary 
significantly between samples, thus signifying the absence of any appreciable 
amount of titanium minerals in the samples.
From Table 4.2, the CaO and N a2Q contents of the samples could be
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seen to be fairly constant in the rock samples (404.01 to 404.04), but Ca was 
absent in the soil samples (404.05 to 404.08) while Na was sharply depleted in 
samples 404.05 to 404.07 and absent in the residual soil (404.08). Since the Ca 
and Na in the soil were likely to be mainly from plagioclase (Ca and Na
feldspars), the sharp depletion of the elements in the sample 404.05 suggested 
that most of the plagioclase was already weathered at this stage. This view is in 
line with observations made during petrographic studies of the samples in the
course of this investigation and by Irfan (1986). SEM observations of fractured 
surfaces of Sample 404.05 showed a predominant presence of fibrous minerals 
which were later identified to be halloysites by electron diffraction (see Chapters 
3 and 5). Since petrographic studies and determination of elemental 
concentration (discussed below) appeared to suggest that the other main primary 
minerals namely quartz, biotite, and K— feldspar were still mostly intact in this
sample, it would appear that the plagioclase feldspar was the first mineral to 
weather in the soil and that it weathered into halloysite tubes.
A slight difference in the K 20  content of the fresh rock (404.01) and the 
slightly weathered rocks (404.02 to 404.04) was indicated in Table 4.2, but this 
diffeiAce was not large enough to constitute a significant depletion of the element 
in the slightly weathered rocks and could also have occured form slight variations 
in the distribution of K bearing minerals within each rock. Hence, the K 
content would appear to remain almost constant from the fresh rock to sample
404.07, but the concentration dropped from over 5 % in these samples to 0.76 
% in the residual soil (404.08). Melfi et al. (1983) reported an upward 
enrichment of K for weathering granites from two sites having sem i-arid  and 
sub-hum id  climates in Brazil. They, however, reported an upward leaching of K 
for a third site having humid, sub— tropical climate. In the present case, since 
K, in the whole soils was mainly from K -feldspar, and interlayer K in biotite 
the constant K content of samples 404.01 to 404.07 suggested that either
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K feldspar or biotite or both minerals weathered at a slower rate than the 
plagioclase. Petrographic studies also showed that the plagioclase feldspars in the 
soils weathered faster than both the K— felspar and biotite. It would thus appear 
that the behaviour of K in a profile is complex and may depend on several 
factors such as initial primary minerals, climate, terrain etc.
MgO was found to be of constant concentration in all the samples and the 
slight depletion indicated in samples 404.07 and 404.08 may not be of much 
significance considering the accuracy of measurement of Mg given in Table 4.1. 
It is possible that most of the Mg was present as ocfakeA^i cation in the biotite 
and was later incorporated into the structures of the chlorite and clay mica 
identified in the soils by X— ray diffraction, with very little loss. The higher 
concentration of Mg in the clay fractions of the soils (Table 4.3) also supports 
this suggestion, although the possibility of some fine biotite particles getting into 
the clay fraction may not be completely ruled out.
Silicon was the most abundant element in all the samples. From Table 
4.2, the S i0 2 content of the samples, which contains contributions from all 
silicates (e.g. quartz, clay minerals, feldspars, mica etc.), showed no significant 
variation within the profile although a very small depletion of the element in the 
soils compared to the rocks is indicated. The upward increase in silica content 
which is sometimes an indication of the residual accumulation of quartz as a
result of washout of fine materials (e.g Melfi et al; 1983) or weathering of other
less resistant minerals (e.g Gilkes et al; 1980) was absent in this case although
this observation does not necessarily preclude any of these possibilities.
Since quartz dissolution in the soils was found to be minimal from
petrographic studies, the behaviour of Si in the profile may have been largely due 
to the weathering of the primary minerals. Hence, the constant proportion of 
quartz through the profile may be an indication that, at least initially, most of 
the primary alumino-  silicates were weathered into other alumino silicates with
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very little loss of silicon. Hence, as noted earlier, most of the plagioclase which 
was weathered earlier may have been converted into halloysite with very little loss 
of the plagioclase due to dissolution.
The A120  3 content of the samples (Table 4.2) showed an overall upward 
increase from the fresher rocks to the residual soil. The presence of a minor 
amount of gibbsite in the residual soil (404.08), indicated by X—ray and infrared 
spectroscopy may be contributory to the higher Al content of this soil. The ratio 
of the total S i0 2 to A120 3 is given for the soils in Tables 4.2 and 4.3. A 
slight upward decrease in the ratio from the rock samples to the soil samples is 
indicated. The decrease in the S i0 2/A l20 3 ratio coincides with the path of 
increased weathering in the soils, and appeared to suggest the leaching of silicon 
relative to aluminium in the primary and/or secondary minerals in the soils with 
the formation of oxides of aluminium, such as gibbsite. The fact that Sample
404.08 which had the lowest S i0 2/A l20 3 ratio also had the highest Al content 
and was the only soil in which gibbsite was identified supports this suggestion.
Fe was measured as total Fe (i.e F e 20 3 + FeO), recorded in the tables 
as F e 20 3 The Fe content of the whole soil and rock samples ranged from 
1.27% to 2.41% (Table 4.2) with the lower values being obtained for the 
relatively unweathered rock samples. The values are within the limit expected for 
granitic material. The Fe content of the whole soil is probably a contribution 
from both the ’free' iron oxide and pcUlvwUi Fe in biotite.
The chemical composition of the clay fraction of the soils (Table 4.3) 
showed similar trends in most respects to those of the whole soil samples. SiO 2 
contents of the soils showed no significant variation from soil to soil and a slight 
enrichment of the A120 3 content in the residual soil was indicated. The 
S i0 2/A l20 3 ratio of about unity obtained for the clays is an indication that most 
of the minerals in the clay fraction were 1 :1  minerals (mostly kaolin, as suggested 
by X— ray diffraction).
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Most of the K in the clay fraction is likely to be from clay mica
identified in all the soils by electron microscopy, X— ray diffraction and infrared 
spectroscopy, and the relative concentration of Mg in the clays compared to the 
whole soils appeared to show Mg to be mainly from the chlorite 
in this fraction, as mentioned earlier in the discussion for the whole soils.
The Fe content of the clay fraction of the soils showed no significant 
variation between the soils, but concentration of the Fe was achieved due to 
particle separation. Table 4.4 shows the concentration factor, F e C |fttj 
divided by Fe^oU,, achieved for the Fe in the soils as a result of particle
Soil
separation to be over two— fold for all the soils. Since the concentration of
chlorite (a possible Fe bearing mineral) in the soil was very low, free iron oxides
would be responsible for most of the Fe in the clay fraction.
4.7.2 Chemical Concentration of Fe
In order to determine the efficiency of the NaOH and HF concentration 
methods for Fe in the clays, the Fe content of the residues obtained from both 
treatments (see section 4 .2 ) were compared with those obtained for the untreated
soils and discussed below.
The Fe content of the residues obtained from the NaOH and HF treated 
soils was determined by atomic absorption spectrophotometry, and the values 
obtained are given in Table 4.5. Values obtained for the untreated whole soils 
and clay fractions (see Tables 4.2 and 4.3 respectively) have been included in 
Table 4.5 for comparison. The exact agreement in the Fe contents of the 
residues from NaOH and HF treatments for sample 404.08 and the residue from 
the NaOH treatment of sample 404.07 is, presumably, fortuitous. From Table
4 .5 , except for sample 404.08 where similar values were obtained for both the 
NaOH and HF residues, the Fe content of the residues from HF treatment of 
the other clays gave significantly lower values than those obtained for residues
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from the NaOH treatment of the same soils. In all cases, for these other clays, 
the Fe content for the residues from the NaOH treatment were about twice that 
for the residues from HF treatment. Two explanations may be possible for this 
observation. Firstly, it is possible that the HF treatment was less successful in
dissolving the 2 :1  minerals (clay mica) and chlorite, discussed later, which were
found to be of higher quantity in the deeper soils than in the residual soil.
Although quantitative X— ray diffraction was not carried out on the residues 
obtained from the concentration treatments, a study of the diffraction peaks did 
not indicate a significant difference in the proportion of 2 :1 minerals in the 
residues from both methods, thus ruling out the likelihood of the first possibility. 
Secondly, a fraction of the iron oxide in the soils may have been dissolved by
HF. Control tests were carried out (during this investigation) with synthetic iron 
oxides using 5% of the oxide to 95% of synthetic kaolinite and subjecting them 
to the same treatments as the clays. The results of the tests supported this 
second suggestion. The tests showed that synthetic goethite and hematite were 
not affected by the HF treatment, but the synthetic ferrihydrite dissolved 
immediately and completely on contact with HF, thus indicating that the reduction 
in Fe content in the HF residues compared to the NaOH residues for Samples
404.05, 404.06 and 404.07 may have been due to ferrihydrite or similar poorly
crystalline Fe mineral in the soils being dissolved by HF. Electron microscopy 
(discussed in Chapter 5) revealed the presence of ferrihydrite in the red fracton 
of Sample 404.05 while selective dissolution using acid ammonium oxalate 
(discussed below) showed that ferrihydrite may be present Samples 404.05, 404.06 
and 404.07 but absent in Sample 404.08.
The concentration factors achieved, as a result of the treatments, with
respect to the whole soil and clay fraction values (Table 4.6) gave values of 4.43 
to 7.45 with respect to the whole soil values (i.e Fe content of residue divided
by Fe content of whole soil from Table 4.2) and 1.87 to 3.2 with respect to the
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clay fraction values (i.e Fe content of residue divided by Fe content of clay 
fraction from Table 4.3) for the NaOH treated samples. Torrent et al. (1980) 
and Schwertmann et al. (1982) had earlier reported that the NaOH method of 
concentration was less effective in concentrating iron oxide in soils dominated by 
2:1 minerals. In this investigation the lower concentration factors were obtained 
for samples 404.05 and 404.06 which were found, by X— ray diffraction and 
electron microscopy, to contain more 2 :1  minerals (e.g biotite and clay mica) 
than the 404.07 and 404.08 soils. An examination of the NaOH— treated soil 
residues obtained in this investigation by X— ray diffraction and electron 
microscopy showed the 2 :1  minerals and chlorite to be resistant to attack by 
boiling NaOH. Fe concentration factors of 3 to 20 had been reported for 
kaolinitic soils (Schulze, 1987) while concentration factors from 2.5 to 3 were 
obtained for illitic— smectitic soil clays from Germany (Schwertmann et al; 1982), 
and Torrent et al (1980) obtained concentration factors from 1.5 to 5.2 for some 
soil clays from Spain.
The HF treatment gave Fe concentration factors from 2.39 to 6.74 with 
respect to the whole soil and 1.01 to 3.20 with respect to the clay fractions with 
the lower factors being obtained for samples 404.05 and 404.06 which contained 
more 2:1 minerals than the other samples. Norrish (1968) reported that illite (a 
2:1 mineral) was not dissolved as quickly as kaolin by the HF treatment. X -ra y  
diffraction and electron microscopy on the residues done in the course of this 
investigation also revealed that the 2 :1  clay minerals (clay mica) and chlorite in 
the samples were more resistant than kaolin to attack by HF.
Thus, both the NaOH and HF treatments appeared to be very useful in 
concentrating iron oxide in clays provided the main clay mineral is kaolin. HF, 
however, appears to be unsuitable for concentration of iron oxide minerals where 
the iron oxide mineral to be concentrated included ferrihydrite or similarly poorly 
crystalline iron oxide mineral. However, since HF was found to dissolve
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ferrihydrite and not goethite or hematite, the method may be further investigated 
for use as a selective dissolution method for iron oxide phase determination.
4.7.3 Selective Dissolution of Fe
In order to identify the poorly crystalline iron oxide phases in the 
samples, selective dissolution of these phases using acid ammonium oxalate 
treatm ent (as outlined in section 4.2) was carried out on the clay fractions of the 
samples and the Fe content of aliquots obtained from the method determined by 
atomic absorption spectophotometry. Table 4.7 gives the Fe content in aliquots 
obtained from ammonium oxalate treatment of the clay fraction of the soils. The 
ratio of oxalate soluble iron (Fe0) to that of the total Fe (Fe^) in the clay 
fraction of the untreated soils is also shown in the Table. Synthetic ferrihydrite, 
goethite and hematite were also subjected to the same treatment as the natural 
samples as controls. The ratio of the oxalate solube Fe to that of the total Fe 
or dithionite extractable Fe had been used as a measure of the amount of poorly 
crystalline iron oxide, mainly ferrihydrite, in soil samples (e.g McKeague and 
Day, 1965; McKeague, 1966; Schwertmann et al; 1987; Carlson and Schwertmann, 
1987 and Parfitt and Childs, 1988). For pure, very poorly crystalline ferrihydrite 
samples an Fe0 /Fed or F e^F e, of a  1 is expected. Values of Fe0 /Fet for the 
soils in this study suggested a higher amount of poorly crystalline iron oxide in 
the deeper soils than in the residual soil with samples 404.05 and 404.06 having 
equal proportions, while sample 404.07 had a slightly lower proportion. Sample
404.08 had the lowest proportion of all the samples. This observations support 
those made in respect of HF treatment (discussed above) of the possible presence 
of ferrihydrite in samples 404.05 , 404.06 and 404.07. Childs (1985) proposed 
estimating ferrihydrite concentration (Fh^t) from Fe0  using the equation:
Fhgjt =  1.7 x Fe0% (4-1)
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Using Equation 4.1 the values of ferrihydrite concentration obtained for 
the soils in this investigation (Table 4.7) were found to vary from about 0.01 for 
sample 404.08 to 0.31% for sample 404.05. A value of 105.64% obtained for 
the synthetic ferrihydrite may be an indication of the possibility of a fair 
estimation of ferrihydrite in soil samples from Fe0  using Childs' equation. The 
values of ferrihydrite concentration obtained for the soils indicated a general 
decrease in the amount of ferrihydrite in the soils with increased weathering. 
Since goethite was the only other iron oxide identified in the soils it would 
appear that the ferrihydrite in the younger soils was later converted to goethite 
with time.
4.7.4 Soil pH
Before applying the results of pH tests obtained in this investigation, 
certain facts have been considered. Because pH was not measured until the 
samples arrived at Glasgow university, changes to the pH caused by drying, 
packaging and storage environments cannot be eliminated, and these factors may 
affect the samples differently. However, due to the fact that the insitu moisture 
content of the soils may have been low, and since precautions were taken to 
prevent excessive drying-out of the samples (see Chapter 3), the effect of drying 
on pH may not be drastic. Care was also taken to store the samples away from 
chemicals which may effect changes to the pH.
The pH of the soils (given in Table 4.8) varied between 5.01 and 6.81 in 
water and between 4.14 and 6.08 in 1 M KC1. This result gave an indication 
that the soils were slightly acidic. The lowest value of pH was obtained for the 
most highly weathered soil (404.08), most probably due to the presence of organic 
substances in the form of roots in this soil, while Samples 404.07 and 404.05 
gave almost equal values, and Sample 404.06 gave the highest value of all. In a 
general sense, it could be said that the pH of the soils which gave an indication
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of the presence of ferrihydrite (Samples 404.05 404.06 and 404.07) were higher 
than that of Sample 404.08 where only goethite was indicated. It would appear 
that the pH range of 5.01 to 6.81 obtained for the soils, may favour the 
formation of goethite, from ferrihydrite, over the other forms of iron oxides. 
Tests on synthetic oxides to demonstrate the effect of pH on the formation of 
goethite and hematite from ferrihydrite, at 25°C (Schwertmann and Murad, 1983)
also showed that the proportion of goethite increased relative to hematite as the
pH of the system dropped from 8 to 4. According to these authors, goethite 
formation is strongly favoured where the concentration of monovalent F e 3-1" ions, 
either Fe(O H )2+ or Fe(OH)4—, is at maximum. The maximum for Fe(OH) 2+ 
activity is at pH £ 4 and the minimum at around pH 8 . Although the results 
obtained in this present study is in line with the findings reported for the
synthetic oxides, it is not known if the explanation given above by Schwertmann 
and Murad (1983) is relevant to soil environments.
4.7.5 Organic Matter Content
The organic matter content of the whole soil and clay fraction, measured 
in terms of C 0 2, are given in Table 4.9. Values of organic matter content of 
less than 2% was indicated for all the soils. This is in agreement with the 
findings of infrared spectroscopy (Chapter 7) where the traces showed no
reflection for organic matter thereby signifying a low percentage of organic matter 
in the soils. An indication of a decrease in organic matter content with 
weathering was given for the whole soil samples with the organic matter content 
increasing from 0.18% in Sample 404.08 to 0.45% in Sample 404.05. However, 
no such indication was apparent in the results for the clay fraction samples. 
Although visual observation of the soils revealed significantly more roots in 
Sample 404.08 than in the other samples, the presence of these roots did not 
appear to lead to a higher organic content in this soil, perhaps due to the fact
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that most of the roots were large and easily separated from the soil. It is also 
possible that some other forms of organic matter, present in higher proportions in 
the deeper soils, are responsible for the higher organic matter content of these 
soils.
The presence of organic matter, even in low quantity, had been reported 
to promote the formation of ferrihydrite in soils and other environments by 
impeding the crystallisation of the iron oxide into more crystalline forms (see 
review in 2.3.2(b) and 2.3.2(d), for a detailed review see Schwertmann et al; 
1986). Also, increased organic matter content has been found to favour the 
formation of goethite over hematite in soils (see review in Schwertmann, 1987b) 
although this "anti— hematitic" effect has not been explained satisfactorily, nor has 
it been reproduced in the laboratory (Schwertmann, 1987b). In the present 
investigation, the sole role of organic matter in the formation of iron oxides in 
the soils is not easily determined especially as other materials such as silicates 
(which were also found in the soils) have similar inhibiting effects as organic 
matter on iron oxide crystallisation (Saleh and Jones, 1984; and Schwertmann, 
1987b). However, the fact that Samples 404.05, 404.06 and 404.07 which were 
indicated to contain ferrihydrite also contained more organic matter (in the whole 
soil, Table 4.9) appeared to support the findings of earlier authors. Moreover, 
the absence of hematite in the soils may be an indication that there was enough 
organic matter in the soils to prevent the formation of hematite even though 
ferrihydrite, which is a precursor for the formation of hematite, was present in 
some cases. Thus, the effect of organic matter in the soils may be to lead to 
the formation of ferrihydrite in the soils as well as prevent the subsequent
formation of hematite from the ferrihydrite.
Hence, for the soils under investigation the presence of organic matter 
appeared to have favoured the formation of ferrihydrite in the deeper soils while 
the combination of organic matter and pH conditions favoured the formation of
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goethite rather than hematite in all the soils.
4.8 SUMMARY
Some of the important findings of the study done in this chapter are 
summarised below:
(1 ) In  l in e  w ith  d e ta i le d  o b s e rv a t io n s  o f  hand specim ens and 
r e s u l t s  o f  p e tro g ra p h ic  s tu d i e s ,  chem ica l d e te r m in a t io n  
in d ic a te d  th a t  the  p la g io c la s e  f e ld s p a r  was th e  f i r s t  
m in e ra l to  w eather and th e  m in e ra l a p p e a re d  to  have 
w ea th e red  in to  the  h a l lo y s i t e  tu b es  i d e n t i f i e d  in  th e  
s o i l s  by SEM and TEM.
(2) Com parison o f the  beh av io u r o f  p o ta ss iu m  in  th e  s o i l s  
com pared w ith  e a r l i e r  s tu d ie s  s u g g e s te d  th a t  th e  
d e p le t io n  o r c o n c e n tra t io n  o f  p o ta ss iu m  in  a p r o f i l e ,  
a s  w e a th e rin g  p ro g re s s e s , may depend on a com plex 
in te r p la y  o f  s e v e ra l  f a c to r s  such  as i n i t i a l  p r im a ry  
m in e ra ls ,  c l im a te , t e r r a i n  e tc .
(3 ) S i l i c o n  was th e  most abundant e lem ent in  a l l  th e  sa m p le s , 
and i t s  p ro p o r t io n  in  the  ro ck s and s o i l s  was more o r 
l e s s  c o n s ta n t ,  thus in d ic a t in g  an o v e r a l l  m inim al lo s s
o f  s i l i c o n  w ith  in c re a s e d  w e a th e r in g .
(4 ) A s l i g h t  le a c h in g  o f  s i l i c o n  r e l a t i v e  to  a lum inium  in  th e  
p r im a ry /se c o n d a ry  m in e ra ls  was in d ic a te d  by a d e c re a s e  in
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S i0 2 : A l20 3 r a t i o  w ith  in c re a s e d  w e a th e r in g  and 
su p p o rte d  by the  i d e n t i f i c a t i o n  o f  g ib b s i t e  in  th e  
r e s id u a l  s o i l .
(5 ) Low v a lu e s  o f Fe c o n te n t ran g in g  from about 1.3% to  2.4% 
o b ta in e d  fo r  th e  whole s o i l s  were w i th in  th e  l im i t  
e x p e c te d  fo r  g r a n i t i c  s o i l s .
( 6 ) Both th e  b o i l in g  NaOH and HF t re a tm e n ts  were e f f e c t i v e  in  
c o n c e n tra t in g  iro n  o x id es  in  s o i l s .  However, HF was 
found to  d is s o lv e  f e r r i h y d r i t e  and would no t be s u i t a b l e  
fo r  c o n c e n tra t io n  o f  f e r r i h y d r i t e  o r o th e r  p o o r ly  
c r y s t a l l i n e  iro n  o x id e s .
(7 ) S e le c t iv e  d i s s o lu t io n  u s in g  a c id  ammonium o x a la te  
in d ic a te d  f e r r i h y d r i t e  in  Samples 4 0 4 .0 5 , 404 .06  and
4 0 4 .0 7 .
( 8 ) The pH o f  th e  s o i l s  v a r ie d  betw een 5 .01  and 6 .81  in  
w a te r  and betw een 4 .1 4  and 6 .08  in  m olar KC1.
(9 ) The o rg a n ic  m a tte r  c o n te n t o f  th e  whole s o i l  sam p les  was 
found to  d e c re a se  w ith  in c re a s e d  w e a th e r in g . I t  i s  
p o s s ib le  th a t  th e  p resen ce  o f  o rg a n ic  m a t te r  fa v o u re d  th e  
fo rm a tio n  o f  f e r r i h y d r i t e  in  some o f  th e  s o i l s ,  and t h i s  
to g e th e r  w ith  a fa v o u ra b le  pH prom oted th e  su b seq u e n t 
fo rm a tio n  o f  g o e th i te ,  r a th e r  th a n  h e m a t ite ,  from  th e  
f e r r ih y d r i  t e .
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Table 4.4: Fe Concentration Factor Between Whole Soil and Clay Fractions
Sample Concentration Factor =
No. Fec]ay (from Table 4.3)
1 Fewhole soil (from Table 4-2)
404.08 2.11
404.07 2.43
404.06 2.37
404.05 2.23
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Table 4.8: pH of the Soil Samples
Sample
No.
pH(H20) pH(KCl)
404.08 5.010 4.140
404.07 5.900 4.795
404.06 6.805 6.075
404.05 5.765 4.385
Table 4.9: Organic C02 Content of the Soil Samples 
Organic C02 %
404 .08 0.18 0.98
404..07 0.31 1..49
404.,06 0..43 0..95
404.05 0.45 1.49
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C H A P T E R  5 
ELECTRON MICROSCOPY
5.1 INTRODUCTION
This chapter discusses all the aspects of electron microscopy that are 
related to the present investigation. Electron microscopy is a major technique 
used in the present investigation for the identification and characterisation of the 
clay and iron oxide minerals. Both transmission and scanning electron microscopy 
have been used by soil mineralogist for some time, but the initial inavailability of 
the equipment put considerable constraint on their wide usage. The method has 
the advantage of allowing a direct observation of the various soil particles and
identification of the particles can sometimes be made on the basis of morphology. 
For the transmission electron microscopy, the possibility of electron diffraction 
which can be applied to a single crystal or a group of particles is an added
advantage in mineral identification and characterisation. Although both 
transmission and scanning electron microscopes were used in the investigation,
only the transmission microscope was used to a great detail while the scanning 
microscope was used mainly as support. Hence, only the transmission microscopy 
will be discussed in detail, and, where necessary, the results of scanning electron 
microscopy will be presented alongside those of transmission electron microscopy.
A brief general review of electron microscopy is given in Section 5.2. 
Section 5.3 discusses the principles of the electron microscope, Section 5.4
discusses the lens defects which may be hindrances to the succesful retrieval of
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vital information from electron microscopy, while the interactions that occur 
between the beam and the specimen are given in Section 5.5. Section 5.6 
discusses radiation damage, Section 5.7 discusses electron diffraction and Section
5.8 discusses the direct resolution of the crystal lattice (high resolution electron 
microsc opy). The experimental methods used are given in Section 5.9 and the 
results of electron microscopy investigation on the samples are presented in 
Section 5.10. A summary of some of the important findings of the study in this 
chapter is presented in Section 5.11.
5.2 GENERAL
The transmission electron microscope (TEM) was developed in the 1930's 
and 40's (Ruska, 1934; von Borries and Ruska, 1939; Burton et al; 1939; Hillier 
and Vance, 1941; von Ardenne, 1944; Hillier and Ramberg, 1947) and has been 
commercially available since then. The first commercial scanning electron 
microscope was made available by the Cambridge Scientific Instrument Company 
in 1965. The principles and practice of transmission electron microscopy are 
covered in many texts, including Kay (1965), Hirsch et al. (1965), Beeston et al. 
(1972), Edington (1976), Wenk (1976), Fryer (1979), Smart and Tovey (1981, 
1982), and Nadeau and Tait (1987) while those of scanning electron microscopy 
are adequately presented in Smart and Tovey (1981, 1982), and McHardy and 
Birnie (1987). One of the first notable works on electron microscopy of clay 
minerals was by Ardenne et al; (1940) who showed the electron microscope to be 
another powerful tool (apart from the optical microscope and X -  ray 
diffractometer that were already in use at the time) for the investigation of clay 
minerals. It provided precise information on the shape and morphology of the 
extremely small particles making up these materials (Grim, 1988).
More recently, with improvement in resolution of modern electron
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microscopes, electron microscopy has been extended to the study of the mineral 
structure of soil components. It offers the advantage of allowing the direct 
observation of individual particles of the soil components and the initial optimism 
of the likelihood of identifying clay minerals on the basis of their shape was only 
abandoned when it was found that clay particle shape changes with condition of 
formation and degree of weathering (Kittrick, 1965). However, the later 
possibility of obtaining electron diffraction of the individual particles further 
enhanced the study of clay mineralogy by electron microscopy methods.
Iron oxide mineralogy of soils has especially benefited from electron 
microscopy techniques. The low concentration and crystallinity of iron oxides in 
most soils compared to the clay minerals often limit their study by methods such 
as X— ray diffraction, while the small size of the particles puts them beyond the 
limit of the resolution of the light microscope. Transmission electron microscopy 
studies of soil iron oxides have been used in the determination of mineralogy 
(e.g. Schwertmann and Kampf, 1985), crystal morphology and size (e.g. 
Greenland et al; 1968; Smith and Eggleton, 1980; Schwertmann and Latham, 
1986; Eggleton, 1987 and Schwertmann, 1987(a)), and association with other soil 
minerals (e.g. Greenland et al; 1968, Smart, 1973 and Schwertmann, 1987(a)). 
More extensive studies of synthetic iron oxide minerals have been done by 
e le c tro n  m ic roscopy  techniques and brief reviews of some of these studies are 
available in Eggleton, (1987) and Schwertmann, (1987a).
5.3 PRTNfTPT.F.S OF THE ELECTRON MICROSCOPE
The main features of a modern transmission electron microscope are 
shown in Figure 5.1. The microscope uses a series of magnetic lenses to focus 
an electron beam that is accelerated, by a high potential, through the specimen. 
Electrons are greatly influenced by the medium through which they pass and have
Chapter 5: Electron Microscopy
137
almost no penetrating power. They can only travel for any reasonable distance
in a vacuum. Accordingly, the pressure in the column must be maintained at
  O
10 Pa or less and the specimen must be very thin. An electrically heated 
cathode at selected negative potential emits electrons. A tungsten hair— pin
filament is usually employed (Haine and Cosslet, 1961; Hall, 1966). However,
better brightness can be obtained using a special pointed tungsten filament (Wolf 
and Joy, 1971) or from a lanthanum hexaboride cathode (Ahmed, 1971; Batson 
et al; 1976, Yonezawa et al; 1977). The use of a field emission gun (Crewe et
al; 1968) as an alternative to electrical heating derives similar benefits.
The electrons are accelerated by the electrical potential difference between 
the filament and anode and are focussed, via a double condenser lens system with 
field— limiting aperture, unto the specimen. An image or diffraction pattern from 
the specimen is obtained on a fluorescent screen via a three— or four— lens
magnification system and can be recorded on a photographic plate. Image
contrast may be enhanced by the use of an objective aperture, and the area for 
diffraction may be selected by a selected area aperture. The image is focussed 
with the objective lens, and magnification is controlled by the excitation of the 
intermediate and/or diffraction lens.
The resolution of a microscope is an important parameter to be considered 
in electron microscopy work. The instrument resolution of a microscope can be 
defined as the smallest distance that can exist between two separate objects before 
they appear as one under the microscope (Kittrick, 1965). In light microscopy 
the resolution is limited by the nature of light. The way in which radiation and 
matter interact limits resolution to about one— half the wavelength of the light
used. Many light microscopes can use light with wavelength of about 400nm
(4000A); which will give a resolution limit of about 2 0 0 nm (2 0 0 0 A); i.e; if two 
objects are 200nm (2000A) apart, they will appear to be only one object. In the 
electron microscope, it is possible to use electrons that have a wavelength of less
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than 0.005nm (0.05A), depending on the accelerating voltage, which gives a 
theoretical resolution limit of about 0.0025nm (0.025A). However, lens defects 
such as astigmatism, chromatic and spherical aberrations (and other aberrations), 
which are discussed Sections 5.4, set a practical limit to the performance of the 
electron microscope and limit the resolution. Nevertheless, in general, the 
accuracy of operation and calibration of the instrument control the quality of 
electron micrographs, and the precision with which they can be analysed 
quantitatively.
In the case of the JEOL JEM 1200EX electron microscope used in this
study, either a pointed tungsten filament or a lanthanum hexaboride cathode was
used as a source for electrons. The image forming lenses number six; namely, 
an objective lens, an objective mini— lens, three stage intermediate lenses and a 
projection lens. Using this configuration the magnification may be altered from 
50 to 1,000,000. The whole optical column is maintained at a vacuum of 1 0 —5
Pa. This microscope has an accelerating voltage of 120kV and as such an
electron beam wavelength of 0.003nm.
5.4 LENS DEFECTS
Like glass lenses, all electromagnetic lenses suffer from defects such as 
coma, barrel or pincushion distortion, astigmatism, chromatic and spherical 
aberration. From the operator's standpoint the last three are the most important 
in relation to the objective lens because they determine the resolution of the 
electron microscope (Edington, 1974).
This is caused by a defect in the magnetic field due to asymetry of the 
lens, resulting in differing lens strength in two directions at right angles. The
latism
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defect arises from lack of perfection in manufacture, in particular lack of 
circularity in the bores and flatness of the pole— pieces or inhomogenities in the 
material of the lens itself. In addition, astigmatism may be due to contamination 
within the microscope column which builds up a charge and distorts the field. 
The result is that a point object is imaged as two mutually perpendicular lines at 
different levels in image space, causing a directional structure in the image.
Astigmatism of the condenser lens system is important because it reduces 
the coherence of the beam, while that of the objective lens is important because 
it can cause a serious loss in image resolution. Condenser astigmatism is 
manifested by an elliptical illumination spot when the condenser 2  is defocussed. 
The astigmator is adjusted to make the defocussed spot circular. Objective 
astigmatism is manifested by streakings in one direction of fine detail of the 
image (Edington, 1974). The defect may be corrected by using compensating 
cylindrical lens fields which affect each other at right angles.
5.4.2 Chromatic aberration
Chromatic aberration arises because of the energy, and therefore 
wavelength, spread of the electron beam. Instabilities in accelerating voltage or 
lens current could be contributary factors, but both are negligible because of the 
high stability of modern power supplies (Edington, 1974). Although there is a 
small energy spread  ^ 3  eV^ in the electron beam leaving the tungsten filament in
the electron gun, the major factor is the large energy loss AE =  5 to 50 eV 
suffered by many electrons on passing through the specimen (Edington, 1974). In 
effect the focal length of the lens varies with the electron energy and a disc of 
confusion, radius Arc , is produced given by
140
Chapter 5: Electron Microscopy
where Cc is the chromatic aberration constant of the lens and is approximately 
equal to its focal length, (3 is the lens aperture, E is the energy of the electrons 
(without loss) and AE is the energy loss. The effect of chromatic aberration is 
negligible at low resolution, but at high resolution it sets a limit to the resolution 
of the microscope.
5.4.3 Spherical Aberration
Spherical aberration is the inability of a lens to focus all incident electron 
beam from a point source to a point focus. The outer zones of the lens have a 
greater strength so the off— axis beams are always bent more and brought to a 
focus before those close to the axis. Therefore, a point in the object is imaged 
by the objective lens as a disc, known as the disc of least confusion; the disc 
diameter, dg, is given by:
d , =  — ---------------------------------------  [5.2]
where Cs is the spherical aberration coefficient and a  the sem i-angular aperture 
of the lens.
Spherical aberration cannot be compensated for, but can be minimised to 
some extent by reducing the angular aperture, by insertion of a limiting aperture 
in the back focal plane of the objective lens. Unfortunately, insertion of this
aperture will give rise to interference effects or diffraction as well as loss of 
information of the image transfer properties of the beam, due to removal of
scattered electrons.
5.5 BEAM — SPECIMEN INTERACTION
The interaction of a high-energy electron beam with a solid specimen
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generates a variety of signals all of which yield information on the nature of the 
solid. The events of interest to transmission electron microscopy, where very thin 
films of solid are studied are shown in Figure 5.2. When interacting with the 
atoms of a solid, impinging electrons may suffer two types of scattering processes:
(a) elastic scattering, due to interaction with the nuclei in the specimen — 
this does not involve transfer of energy to the atoms.
(b) inelastic scattering, due to interaction with the orbital electrons in the
specimen thus involving energy transfer and absorption.
Although TEM will make use of both elastically and inelastically scattered 
electrons, the major imaging techniques are based on the elastic processes. More 
detailed presentation can be seen in Hirsch et al. (1965) and Humphreys (1979). 
The ratio of directly transmitted electrons to that of elastically scattered is related 
to the contrast of the images in TEM. Images of crystalline specimens are 
largely influenced by Bragg reflections. Inelastically scattered electrons may cause 
chromatic aberration in the image formation process. The absorbed energy, i.e. 
the energy which scattered electrons have lost while passing through the specimen, 
results in excitation of the atoms and atomic nuclei in the specimen. This causes 
heating, magnetism, ionisation etc.
5.6 RADIATION DAMAGE
Most materials undergo some form of alteration during examination in the
electron microscope. To the extent that such alterations affect the integrity of
the information sought from the specimen, they are referred to as radiation 
damage', but, when the effects prove incidental to this information, they are
largely ignored.
Radiation damage frequently occurs in minerals and other inorganic 
materials (Burton et al; 1947; Dahmen et al; 1978; Fryer, 1979; Hobbs, 1979, 
1984, 1987; Csencsits and Gronsky, 1987; Sharma et al; 1987 and Smith et al;
142
Chapter 5: Electron Microscopy
1987). As the present work is concerned with inorganic materials, it would be 
useful to consider here the various ways in which electron microscopical 
examination of the materials can be hampered by their radiation sensitivity and to 
mention some of the the methods that may be employed to alleviate the problem. 
Since this project is not concerned with a study of the process involved in 
radiation damage, only an introduction to the problem will be provided in this 
section.
There are basically two avenues for elctron beam damage in the TEM:
(a) wKnock— on displacement from the bulk (Mckinley and Feshbach, 1948; 
Seitz and Koehler, 1956) which involves the interaction of the incident electron 
with the cores of atoms in the specimen and occurs above the critical energy 
thresholds.
(b) Radiolvtic mechanisms which involve the transfer of energy from the 
incident electrons to the electrons in the specimen leading to bond breakage and 
consequently to the possible alteration of the structure (Hobbs, 1987).
Many attempts have been made to minimise radiation damage. 
Encapsulation of organic crystals by carbon films proved to be extremely 
successful (Fryer and Holland, 1984; Holland, 1984) and image intensifiers have 
been used to aid focus adjustment when low beam doses are used (Reynolds, 
1968; English and Venables, 1971, 1972; Hart and Yoshiyama, 1975). A system 
that permits photography of beam sensitive specimens with a minimum dose in 
the high resolution region has been developed (Williams and Fisher, 1970; 
Fujiyoshi et al; 1980). This system was named the Minimum Dose System 
(MDS) and has been used effectively in taking HREM photographs of beam 
sensitive specimens without sacrificing the resolving power of the electron 
microscope (Fujiyoshi et al; 1980; Uyeda et al; 1980; Fryer, 1983). The 
additional use of either nuclear track emission (Kuo and Glaeser, 1975) or x - ra y  
films for image recording, have also been reported as providing further useful
143
Chapter 5: Electron Microscopy
gains (Fryer, 1978; Fryer et al; 1980).
Although sample heating which may occur due to beam—sample interaction 
in the electron microscope was initially thought of as a possibility that could lead 
to phase changes in iron oxide minerals, initial tests did not reveal any need for 
the use of any special sample preparation procedure or microscopy technique in 
this study.
5.7 ELECTRON DIFFRACTION
A crystalline specimen will diffract the electron beam strongly through 
certain angles, according to the Bragg law (see Eqn. 5.4). The diffracted beams, 
along with the undeviated incident beam are brought to a focus at the back focal 
plane of the objective lens, to form an electron diffraction pattern (EDP). 
Electron diffraction patterns and microscope images are closely related by the fact 
that electrons scattered by a specimen provide EDP at the back-focal plane of 
the objective lens and images are formed from this through a Fourier transform 
operation. Thus the EDP and the intermediate image are always present in the 
electron microscope and the intermediate lens setting determines which is 
projected onto the image plane. In normal imaging mode, the intermediate lens 
is focussed on the first intermediate image (see Figure 5.3a), whilst for electron 
diffraction, the intermediate lens is focussed on the back focal plane of the 
objective lens producing a magnified image of the diffraction pattern which is 
further magnified by projector lenses and displayed on the screen (Figure 5.3b). 
Since the electron beam is diffracted by the electrons and nuclei in the atoms of 
the particle, the electron diffraction pattern contains information about the 
structure of the specimen under examination. The theory and principle of 
electron diffraction has been discussed in details by Beeston (1972), Edington 
(1974), Andrews et al. (1971) and Nadeau and Tait (1987) amongst others.
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In order to be able to correlate between features observed in the specimen 
and its crystallography, it is essential to be able to form a diffraction pattern
from a specific region of the specimen. This process is known as selected area 
diffraction (SAD) and the principle is illustrated in Figure 5.4. Here there is an 
incident beam covering the specimen, and all transmitted and diffracted rays
contribute to the diffraction pattern formed in the back focal plane of the
objective lens. If an aperture of diameter D is inserted coplanar with the image, 
only the transmitted and diffracted rays that originate within the region given by 
D/M (where M is the magnification of the objective) can reach the final screen. 
The apertures inserted in the plane can typically be as small as 20jiun. With an 
objective magnification of 50 times a selected area of only 0.4^un in diameter can 
be analysed. The procedure for performing SAD has been described by Agar 
(1960) and Phillips (1960) based on the technique developed by Le Poole (1947).
Typical electron diffraction patterns are composed of a simple array of 
bright spots for a single crystal diffraction and concentric rings for polycrystalline 
specimens, where the specimen consists of a large amount of crystals at different
orientations from each other.
The formation of the electron diffraction pattern is shown diagramatically 
in Figure 5.5 for a set of lattice planes, spacing d, at an angle 9 to the electric 
beam. If R is the distance between the incident and the diffracted beam at the 
plane of the photographic plate and L the camera length, which is dependent
upon the lens excitation, then:
tan 26 =  R/L
Now the Bragg law states that
X =  2d sin 6 [5.4]
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and since the angle 0 , through which the electrons are diffracted are very small, 
only 1°—2 ° (Beeston, 1972), the approximation
tan 26 =  2 sin 0, [5.5]
can be made with very little error. Then,
R/L =  X/d,
or Rd =  XL,
[5.6]
[5.7]
So if values of R, L and X for a particular diffraction spot or ring can be
measured, then the d—spacing of the set of lattice plains giving rise to that spot 
or ring can be determined. This procedure can be repeated for all the spots or
rings in the diffraction pattern, and a list of d— spacings can be compiled for all
the sets of planes in the specimen which are reflecting. These d—spacings can
then be used to determine a number of important pieces of information about the
specimen (Beeston, 1972).
In practice, a standard specimen of known diffraction spacings (e.g.
graphite, thallous chloride or gold) is used as a calibrating standard so that XL is
obtained and the unknown is studied under the same microscope conditions. The
d— spacing of the unknown is obtained using the equation:
unknown) — ^(from  standard)
  |5 .8 J
^measured)
The accuracy of the calibration depends upon the experiment, but an error of 
±2 % should be achieved reasonably easily and further improvements are possible,
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down to ±1 %, with considerable care both in operation of the microscope and in 
measurement and corrections of the plate (Edington, 1974). In this study, 
graphite evaporated on the carbon film on which the specimen was placed for 
microscopy was used as a standard. Errors of the order of 0.05% were obtained
for measurement of the d— spacings of the graphite standard.
Generally, the identification of a substance from an electron diffraction
pattern is accomplished by comparing electron diffraction data with the available
X— ray diffraction data published by the Joint commitee on Powder Diffraction
Standards (Philadelphia, USA).
5.8 DIRECT RESOLUTION OF THE CRYSTAL LATTICE (HREMJ
With present high — resolution microscopes it is possible to resolve the 
individaul lattice planes in suitably chosen thin crystals. In this method, referred 
to as direct (or high) resolution microscopy and first applied to platinum
phthalocyanine by Menter (1956), two, or possibly more of the diffracted waves 
are allowed to contribute to the final image (details can be seen in Amelinckx, 
1964 and Howie, 1965). The interference between these waves results in the
formation of fringe pattern of average spacing equal to the lattice spacing d (or 
possibly to some submultiple of d). Small local variations in fringe spacings can 
result from changing thickness or orientation of the crystal. These effects have 
been discussed by Hashimoto et al; (1960). The fringe patterns are located not 
only at the exit surface of the crystal but also at a number of other planes, the 
so—called Fourier image planes (Cowley and Moodie, 1957), and hence the details 
of the observed image depend on where the microscope is focussed. A number 
of other factors such as lens abberations and inelastic scattering effects in the 
specimen are also of importance in determining the fringe profile (Howie, 1965). 
The main advantage of the method is that lattice structure and any imperfections
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in it are directly resolved. The presence of dislocations, for instance, may be 
indicated as extra half planes in the fringe structure; although their Burgers 
vector cannot be assigned from a simple two beam image.
For the direct resolution method more stringent requirements for specimen 
preparation and microscope resolution and operation are often demanded 
compared to those required for lower resolution electron microscopy. The 
specimen has to be sufficiently thin and all lens abberations such as astigmatism 
of the condenser and objective lenses have to be eliminated as much as possible 
in order to obtain lattice images and for accurate interpetation of the 
micrographs. Also, because specimen drift (see Agar, 1965) is more pronounced 
at high resolution microscopy, it is often required that photographs are taken at 
as short time as possible. This demands that the electron beam intensity be 
turned sufficiently high to obtain adequate illumination of the object for 
photography within a short time. Such high electron beam intensity may, 
subsequently, lead to electron beam damage in some highly electron beam 
sensitive materials and high resolution microscopy may have to be combined with 
other techniques (see Section 5.6) such as the minimum dose technique or use of 
special X—ray films for these materials (see Fryer, 1979).
Most modern TEMs can be expected to resolve to 0.3nm, and at this 
resolution are suited to lattice imaging. The JEOL JEM 1200EX used in this 
study has a point resolution of 0 .3 nm but could resolve lattices at 0 .2 nm. 
Operated at about 200,000 to 300,000 magnification, lattice fringes of about 
0.3nm spacing were easily observed. Since iron oxide particles are subject to 
phase and, hence, structural changes following heating which may be caused by 
interaction of the particles with the electron beam, during high resolution 
microscopy, adequate precaution was taken to avoid long exposure of the samples 
to the electron beam by carrying out microscope adjustments such as rough 
focussing and correction of objective lens astigmatism on a sample on a different
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grid square from that to be photographed and exposure time was limited to
between 2 and 3 seconds during photography. Initial tests conducted on the iron 
oxides showed them to be stable for the period required for high resolution 
microscopy using this precautionary measures. A series of photographs at 
different adjustments of focus were taken of each area in order to ensure correct 
interpretation of the micrographs.
5.9 EXPERIMENTAL METHODS
The sample preparations for electron microscopy were done as follows:
5.9.1 Transmission Electron Microscopy
The sample was crushed lightly, under distilled water, with an agate
mortar and pestle. The soil-water mixture was then dispersed ultrasonically by 
placing a test tube containing the mixture in an ultrasonic bath. After dispersion, 
some of the mixture was withdrawn with a finely drawn disposable pipette and a 
drop placed on a carbon coated copper grid and allowed to dry in air. This 
procedure produced dispersed samples ready for electron microscopy observation.
5.9.2 Scanning Electron Microscopy
Fractured surfaces were prepared for scanning microscopy by first
saturating the soil pieces with distilled water. The water was gradually replaced 
by acetone, by successively passing through 1:4, 1:1, 3:1 acetone-w ater mixtures, 
and finally into 100% acetone. The acetone was changed daUy for 7 days (this
time was found adequate for 6  2 0  x 2 0  x 2 0 mm samples) to allow ail the water
in the pores to be replaced by acetone. The samples were then dried by eritical 
point drying using C O , (see Smart and Tovey, 1982 and McHardy and Birnie, 
1987). The critical drying apparatus used was a Polaron Model E3000 equiped
with a liquid transfer boat with integral dram valve.
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The dried specimens were mounted on aluminium support stubs using 
silver paint and coated with gold-  palladium alloy before observation. Either a 
Phillips SEM 500 or a Cambridge Instruments STEREOSCAN 360 was used for 
scanning electron microscopy observations.
5.10 RESULTS
5.10.1 Clay Mineralogy
Some aspects of the clay mineralogy of the soils have been presented 
under X—ray diffraction (Chapter 6 ) and infrared spectroscopy (Chapter 7), and it 
is advised that these be read in conjuction with the results presented in this 
section. An advantage of electron microscopy is that the soil particles can be
observed directly and the morphology of the clay particles determined.
The transmission electron micrograph of a section of the ultrasonically 
dispersed, but whole soil Sample 404.05 is shown in Figure 5.6. The
predominant soil minerals were in the form of long "rolled— up" tubes. Some of 
the tubes were found to be up to 9/an long and many were up to 4 — 5^m 
long even after ultrasonic dispersion. The selected area diffraction of a tube
(Figure 5.7) showed the typical streaked pattern indicative of a tubular
morphology (Nadeau and Tait, 1987). The pattern showed reflections with
d-spacings of 0.739nm, 0.445nm, 0.421nm, 0.358nm, 0.254nm, 0.224nm, 0.151nm
and 0.149nm. Comparison of these reflections with standard tables suggested the 
tubes to be halloysite (7A) and the 0.739nm and 0.358nm reflections could be 
assigned to the basal (001) and (002) reflections respectively. Measurement of 
the space between the rows of streaks, which represents the b— axis elongation of 
the halloysite particles (Nadeau and Tait, 1987), gave a value of b — 8.915A and 
compares well with that given for halloysite (b — 8.92A) in the Powder
Diffraction File. In addition to the halloysite tubes, very few, large irregular
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plates could be seen in the micrographs. The electron diffraction of one of the 
plates is shown in Figure 5.8 and reflections at 0.445nm, 0.257nm, 0.225nm, 
0.170nm and 0.149nm amongst others indicated the plates to be clay. The 
characteristic of the diffraction pattern and tracings is however typical of many 
clays and it & difficult to identify the clay on the basis of electron
microscopy alone. However, X— ray diffraction (discussed in Chapter 6 ) suggested
the clay to be mica (most probably muscovite, which was present in the
unweathered rock). The electron micrograph of the clay fraction of the same 
sample (404.05) shown in Figure 5.9 revealed a similar mineralogy, with tubular 
halloysite particles accounting for over 90% (visual estimation from several 
micrographs) of the clay minerals, while platy clay muscovite could also be seen 
on the micrographs. In this case however, most of the halloysite particles are 
shorter (1 to 3/un long) than those seen in the whole soil but gave similar
reflections and structral properties. It thus appeared that halloysite tubes were
present as silt size and clay size minerals in the soil. The results of 
complementary scanning electron microscopy on fractured surfaces of the soil 
(Figure 5.10) also confirms this finding. In Figure 5.10 fibrous particles which 
are similar to the halloysite tubes seen in the transmission electron micrographs
could be seen. Some of the fibres, which appeared to be forming from a
primary mineral (probably a plagioclase feldspar, as discussed in Chapter 4, 
although no detailed investigation of the formation of halloysite from the primary 
minerals was done) could be seen to be up to 8 /un long, while smaller particles 
could also be seen in the figure. It is possible that some of the halloysite
particles in the clay fraction were produced directly from the primary minerals 
while others were derived from a mechanical break down of the larger particles. 
This possibility may be partly responsible for some of the earlier findings on the 
particle size distributions of these soils (Irfan, 1986) and similar soils from Hong 
Kong (Lumb, 1962). Lumb (1962) reported that considerable variation in grading
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and voids ratio of the decomposed granite can occur in small volumes of soil and 
these variations seemed haphazard and quite unpredictable even within a single 
trial pit and bore hole. Irfan (1986) did particle size anlysis for the soils used
in this investigation using two methods: one which involved drying the soil and 
breaking it down with a porcelain pestle and mortar and another which involved, 
in addition to this, finger crushing of the soft feldspar grains which were not 
dispersed during pretreatment. The author found that for a soil, the clay content 
increased from 4% (using the first method) to 12% (using the second method). 
Apart from other likely causes such as the effectiveness of dispersive agents etc, 
it is clear from the results of this investigation that a breakdown of silt size 
halloysite to clay size fractions due to mechanical treatments such as finger
crushing or crushing in a mortar, shaking, ultrasonic dispersion etc; is highly 
likely. A variation in the method of treatment and amount of mechanical
treatment given to the soil before particle size determination may lead to 
haphazard results.
The results obtained for the shallower Sample 404.06 wiw similar to
those presented above for Sample 404.05. Figure 5.11 shows a 
section of the dispersed clay fraction of the soil. Halloysite tubes were 
predominant, and muscovite plates were the other clay minerals identified in the 
soil.
Sample 404.07 showed a slight variation in mineralogy from Samples
404.05 and 404.06, Figure 5.12 shows a section of the dispersed soil. As was
the case with the previous samples halloysite tubes as well as clay plates could be 
seen on the micrograph. In this case however, the proportion of halloysite had 
decreased while that of the clay plates had increased. In most of the 
micrographs, an almost equal proportion of halloysite tubes and clay plates was 
indicated. Also, most of the clay plates in the clay fraction of the soil could be 
seen to be smaller (most less than 1pm) than those seen in the deeper soils. An
152
Chapter 5: Electron Microscopy
electron diffraction study showed the smaller clay plates to be kaolinite (see inset 
in Figure 5.12). Similar results were obtained for the soils in X—ray diffraction 
(Chapter 6 ).
Electron microscopy observation of the residual Sample 404.08 (Figure
5.13) showed a continuation of the trend noted above. The halloysite tubes had 
decreased further relative to the clay plates (observation from Figure 5.13 and 
several other micrographs), and more plates than tubes could be seen in the 
micrographs. The majority of the clay plates were kaolinites (from electron 
diffraction, see inset in Figure 5.13) and the size could be seen to be less than 
1 pen in most cases, thus confirming the results obtained from infrared 
spectroscopy (Chapter 7). The length of the halloysite tubes was also shorter 
(many, about 1 or less). Scanning electron microscopy of the soil (Figure
5.14) also confirmed the results obtained from transmission microscopy. In Figure 
5.14, small clay plates and short tubes are indicated. Hence, in this soil, 
kaolinite has replaced halloysite as the major clay mineral in contrast to Sample
404.05. The general trend appeared to be a gradual replacement of halloysite by 
kaolinite in the soils as weathering increased. It is possible that the kaolinite was 
produced directly from one or more of the primary minerals (feldpars or biotite) 
or from the halloysite, although this aspect was not investigated in this study. 
Hydrothermal alteration which was reported to have taken place in some parts of 
the site is also a possible source for kaolinite (Irfan, 1986).
Halloysite tubes had previously been reported in weathered granites form 
Hong Kong by Parham (1969a,b) and Lumb and Lee (1975). From electron 
microscopy Parham (1969a,b) concluded that neither halloysite nor kaolinite were 
produced by direct decomposition of the feldspars but that some intermediate 
produce (allophane) was involved, formed at points of structural weakness on the 
feldspar surfaces, which subsequently changed to a kaolin mineral. The author 
inferred that under humid tropical conditions of weathering where good drainage
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exists, a general sequence of mineral alteration occurs in which feldspars alters
first to allophane, then allophane to halloysite and finally with sufficient time,
halloysite to kaolinite. In the present investigation, Figure 5.10 and several other
SEM micrographs of the soils appeared to indicate that the halloysite tubes
"grew" out singly and directly from the primary mineral, and no indication of 
formation from an intermediate product was observed. In addition, no indication 
of the presence of allophane was given in any of the soils investigated by any of 
the identification methods used. Allophane, if present in any appreciable quantity 
should have been indicated by a large endothermic peak in the differential
scanning calorimetry (reported in Chapter 7) at about 180 to 200°C.
5.10.2 Iron Oxide Mineralogy of Untreated Soils
Due to the low concentration of iron oxide in the soils, about 5% (see 
Chapter 4, Table 4.3), each grid of dispersed particles did not always produce
iron oxide particles and a large number of grids were examined to allow enough 
observations to give a statistical significance. Concentrating the iron oxide in the 
soil by fractionating, to obtain the <2 /un fraction, increased the concentration of
iron oxide in the soil two-fold (see Chapter 4 Table 4.4) and increased the 
chances of obtaining iron oxide particles from the grids while concentrating to
obtain the <l/mi fraction was also helpful. Over 100 aggregates of iron oxide 
particles were examined for each soil.
Transmission electron microscopy of the general sections of the dispersed 
soil often showed the iron oxide minerals to be strongly self-  aggregated in all 
the soils. The size of the aggregates were varied and ranged from less than 1 /mi 
to over 3 /mi although these may be fractions of larger aggregates which had been 
broken down by ultrasonic dispersion. The results of transmission and high 
resolution electron microscopy on the different soils are presented below.
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(a) Sample (404.051
A full description of this sample was given in Chapter 3. The soil was 
mottled, and separate areas of predominantly red and yellow staining could be 
seen. These areas were suspected to be iron oxide concentrated areas and were
separated on the basis of colour, as outlined in Section 3.4.2(b), and each
fraction examined by electron microscopy.
(i) Red mottles (Munsell 7.5R 7/8 to 7.5R 5/81
As noted earlier, most of this red fraction was found around biotite
particles, thus appearing to indicate formation from interlayer iron released from 
biotite. Electron microscope studies of the red mottles in this soil revealed the 
fraction to be composed of mainly halloysite (rolled— up tubes) particles with some 
iron oxide particles. As expected, electron microscopy indicated a higher 
concentration of iron oxide in these mottles than was the case when either the
whole sample or the clay fraction of the soil were examined.
Figure 5.15 shows a typical aggregate of iron oxide particles seen in the 
mottles. Electron diffraction obtained from the particles is shown in Figure 5.16. 
The diffraction showed a very weak and diffused ring pattern and gave a
reflection with spacing of 0.254nm. The diffused and broad nature of the
electron diffraction ring in Figure 5.16 is an indication of the low crystalline
nature of the particles. Due to the sub tropical origin of the soils, ferrihydrite 
was not expected as ferrihydrite had been found to be characteristic of cool or 
temperate, moist climates (Schwertmann, 1985). However, other aggregates of 
iron oxide particles seen in the red mottles such as that shown in Figure 5.17
gave similar reflections which suggested them to be ferrihydrite particles. Also, 
comparison of these particles and the electron diffraction patterns with those of 
goethite particles which were later identified in the soil showed them to differ in 
particle morphology and diffraction pattern. In most cases, for the ferrihydrite
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particles, electron diffraction patterns showed very weak reflections and only the 
0.254nm(100) reflection, which is the strongest ferrihydrite reflection, was clearly 
visible.
Although aggregation of the particles hindered the morphology of the 
individual ferrihydrite particles from being ascertained in most cases it could be 
seen from Figures 5.15 and 5.17 that the particles have rounded edges and 
appeared likely to be spherical. Figure 5.18 shows another micrograph of 
ferrihydrite particles. In this case the particles are better dispersed and individual 
particles of ferrihydrite, could be seen to have rounded edges (similar to those 
observed in previous micrographs). Measurement of the distances across each 
particle from different points on the particle showed very little variation thus
indicating the spherical nature of the particles since there was no variation in
contrast within the particles that would indicate them to be discs. Measurement 
of the diameter of 90 particles obtained from available micrographs showed the 
size of the particles to vary within the narrow range of 5.1nm and 5.6nm with 
an average size of about 5.5nm. Since some earlier studies (e.g Parham, 1969a,b 
and Lumb and Lee, 1975) had suggested the possibility of allophane occuring in 
the Hong Kong weathered granites and considering the similarities in some 
properties of allophane and ferrihydrite, e.g shperical morphology and low 
crystallinity (Henmi and Wada, 1976 and Wada, 1977), the possibility of the 
particles being allophane rather than ferrihydrite was investigated. The absence 
of the 0.33nm reflection, which is the strongest allophane reflection (Wada, 
1977), in any of the diffraction patterns obtained distinguished these particles from 
allophane.
In order to verify some of the properties obtained for the soil ferrihydrite,
electron microscopy was performed on a synthetic ferrihydrite prepared as outlined
in Section 3.7.1. A high resolution image of a typical view of synthetic 
ferrihydrite particles is shown in Figure 5.19. Electron diffraction pattern of the
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ferrihydrite particles contained 6  broad rings with the diffraction spacings shown 
(Figure 5.20). The shape of the particles could be seen to be similar to those 
of the soil ferrihydrite shown in Figure 5.18. The diameter of the particles, 
obtained from several micrographs, ranged between 3 .2 nm and 5 .3 nm with an 
average size of about 4.6nm making them of comparable size to the soil 
ferrihydrite. The spherical morphology of most natural and synthetic ferrihydrite 
particles is well documented (e.g Carlson and Schwertmann, 1981; Eggleton and 
Fitzpatrick, 1988)
Due to the trace amount percentage of the red mottles compared to the 
whole soil, it was only possible to examine a limited amount of iron oxide
aggregates in the mottles. There was no indication of the presence of any other 
phase of iron oxides in all the aggregates examined in the red mottles and it
would appear that ferrihydrite was the main form of iron oxide present in these 
mottles.
(ii) Whole soil and clav fraction
Due to the similarities in the results of electron microscopy observation on 
separate fractions of the whole soil and of the clay fractions ( < 2 /mi), the results 
will be presented together in this section without differentiating between the two. 
Although it was desired to concentrate the iron oxide in the soil by fractionating, 
the effect of the dispersion agent (NaOH, in this case) was not known. It was 
therefore necessary to perform electron microscopy on both untreated sample and 
sample dispersed with NaOH prior to fractionating to check this effect.
Similarities in the results of electron microscopy on the two samples suggested 
that no changes were effected on the iron oxide particles due to adjustment of 
the soil pH using NaOH and allowing the soil solution to stand for the time 
necessary for fractionating (8  hours). Fractionating caused a higher than
tw o -fo ld  concentration of the iron oxide content of the samples (as shown in
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Table 4.4) and made electron microscopy easier thus making it possible to 
examine more particles.
Figure 5.21 shows a high resolution image of a typical aggregate of iron
oxide particles seen in the sample. The 0.42nm lattice fringes corresponding to
the (1 1 0 ) plane of the orthorhombic structure of goethite could be seen in the
micrograph. The corresponding electron diffraction (Figure 5.22) shows ring
patterns, which may be indicative of aggregation of the particles, with diffraction 
spacings which could be identified as goethite. The diffraction shows the 
0.418nm (110) reflection to be the strongest reflection. Also, a high crystallinity 
of the goethite particles was often suggested from the sharpness of the diffraction 
rings.
Due to strong aggregation of most of the goethite particles it was not 
possible to determine the morphology of individual particles in most cases. In 
Figure 5.23, however, goethite particles which appeared to be laths were seen in 
the high resolution micrograph. The electron diffraction of the particles is shown 
as inset in the micrograph. Figure 5.24 shows some other aggregates of iron 
oxide particles found in the soil (particles labelled A, B, C, D and E in the 
figure are likely to be clay particles). Small laths as well as subrounded particles 
could be seen in the figure. The high resolution image of a group of laths 
labelled F in Figure 5.24 is shown in Figure 5.25. The 0.42nm lattice fringes 
evident on the laths indicated them to be goethite. Measurement of the width of 
ten laths in Figure 5.24 showed it to range from 3.1nm to 6.1nm with an 
3.verage width of about 4.4nm. This measurement was done with the assumption 
that the particles were all lying on the same crystallographic axis and showing the 
(100) face. The morphology of this soil goethite can be compared with that of a 
synthetic goethite prepared as outlined in Section 3.7.2 (Figure 5.26). Goethite 
laths, with predominant (1 0 0 ) face, seen in the micrographs and those from 
several other micrographs have widths ranging from 16nm to 24nm with an
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average width of about 2 0 nm making them, generally, much larger than the soil 
goethites. The electron diffraction of the synthetic goethite particles is shown as 
inset in Figure 5.26 while the lattice image (also shown as inset in Figure 5.26) 
revealed the 0.50nm (020) and 0.42nm (110) lattice fringes.
Two diamond shaped particles labelled G and H in Figure 5.24 appeared 
to be goethite particles seen edge— on, i.e with the b— axis normal to the electron 
beam, and with visibility of the (110) face. Similarly shaped particles were 
reported for some impregnated and sectioned synthetic and natural goethite
particles (Smith and Eggleton, 1980; Schwertmann, 1984; Schwertmann et al; 1985
and Mann et al; 1985). Clearly, the particle could be seen to have a single
domain most probably running along the c direction. The dimensions of the 
particle were found to be 8.98nm by 20.32nm and compared well with the 10 by 
20nm obtained by Smith and Eggleton (1980) for a soil goethite. A fault 
(arrowed on particle G) could be seen to run across the section and would 
appear to run along the crystallographic z— axis. The high resolution image of 
particle G (Figure 5.27) showed lattice fringes with spacings of 0.977nm which
corresponded to the cell constant b 0 of the goethite particle. Lattice defects,
perhaps caused by the fault mentioned earlier, could be seen on the particle.
Mann et al. (1985) found that the morphology of synthetic goethite varied with 
Al substitution. According to them, crystals of gc^hite which consisted of many 
domains (multidomainic) parallel to the c axis, at zero substitution became less 
domainic with increasing Al substitution (see also Schulze and Schwertmann, 
1984). Mann et al. (1985) stated that the interference of higher Al
concentrations with crystal growth may be responsible for the decrease in domain 
number per crystal and the good visibility of the (1 1 0 ) faces of the acicular
crystals (see Figure 5.28, below). Domains, or intergrowths, running parallel to 
the c axis and with a double chain of Fe(0, OH ) 6  in common are believed to 
form by secondary nucleation under conditions of high [OH ] and rapid growth.
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Domain formation decreases with increasing A1 substitution because the rate of 
growth is reduced. Ultimately, single crystals with a few well developed (1 1 0 ) 
faces form (Mann et al,. 1985). In the present investigation, although it is not 
known how representative of the entire goethite particles the two paritcles (G and 
H) are, an Al substitution of 9.4 mole % found for Sample 404.05 (Chapter 6 ), 
with the single domain of the particles described above, appeared to agree well 
with the domain behaviour and Al substitution found by Mann et al. (1985) and 
the conditions that apply to the synthetic system may well apply in the soil 
system.
F igu re  5 .2 8 :  Schem atic representation  o f  g o e t h i t e s  wi th  domain
The high resolution image of a group of spherical particles labelled J  in 
Figure 5.24 is shown in Figure 5.29. Although no electron diffraction was 
available for the particles, their morphology was similar to those of ferrihydrite 
particles identified in the red mottles. An average size of 5.6nm obtained for 20
1001
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s t r u c tu r e ,  (a) M ultidom ain c r y s t a l  w ith  many (110) 
f a c e s ,  (b) S in g le  domain c r y s t a l  w ith  a few 
we 1 1 -d eve loped  ( 1 1 0 ) fa c e s  ly in g  in  th e  [ 1 1 0 ] zone . 
(A f te r  Mann e t a l , 1985).
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particles in the aggregate compares well with that obtained for ferrihydrite
particles in the red mottles and discussed in 5.10.2a(i). It would thus appear
that the aggregates of iron oxide particles in Figure 5.24 contained both goethite 
and ferrihydrite existing side by side.
Although no association of iron oxide with clay particles was obvious for
most part of the investigation as iron oxide particles tended to be
self—aggregating, it is not clear from Figure 5.24 if there was any specific
association between iron oxide particles and the clay particles in the figure. In
the figure, aggregated iron oxide would appear to be attached to the tips of the
clay particles while goethite laths could be seen on the surface of particles B and 
C. A similar arrangement of goethite aggregates and clay particles could be seen 
in Figure 5.30 (electron diffraction of the goethite particles is shown as inset). 
These observations are, however, not conclusive on the association of iron oxide 
with clay particles.
(b) Sample (404.06'!
(i) Red mottles (Munsell 7.5R 5/8 or 7.5R 6/81
The red mottles in this soil was found by electron microscopy to be
composed of clay particles and aggregates of iron oxide particles. As was the
case with the red mottles of Sample 404.05, a higher concentration of iron oxides 
was indicated in the mottles than was the case when the dispersed whole soil was 
examined.
Figure 5.31 shows a low magnification image of aggregated iron oxide
particles, and the associated electron diffraction (Figure 5.32) showed reflections
with spacings that are typical of goethite. Due to aggregation of the particles, it
was not possible to determine the morphology of the goethite particles. Figure
5 . 3 3  is a high resolution image obtained from a different iron oxide aggregate
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from the red mottles. In this case also, the electron diffraction (shown as inset 
in Figure 5.33) revealed reflections that are characteristic of goethite. Some of 
the goethite particles appeared to be slightly elongated although definite laths were 
rare. Measurements of the lesser dimension across 15 particles in the available 
micrographs showed it to range between 7.87nm and lO .llnm . It was not 
possible to measure the longer length of most of the particles because this was
more obscure in most cases. One lath— like particle labelled A in the figure
could be seen amongst the other particles. A higher magnification micrograph of 
this lath—like particle is shown as inset in Figure 5.33 and lattice fringes with 
spacings of approximately 0.42nm which corresponds to the (110) plane of 
goethite could be seen on the particle. A breadth of about 9.74nm obtained for 
this particle makes it larger than the laths of goethite encountered in the red
mottles in the deeper soil (Sample 404.05) whose breadth ranged from 3.1nm to 
6.1nm (see Figure 5.24). Figure 5.34 shows a high resolution micrograph of 
another aggregate of iron oxide particles from the red fraction. The electron 
diffraction (shown as inset) gave reflections that identified the particles as 
goethite. The high resolution image of a lath— like particle labelled 'A ' in Figure
5.34 is shown in Figure 5.35 and lattices with 0.42nm(110) spacings of goethite 
could be seen on this particle. The high resolution micrograph of another area, 
labelled 'B ' in Figure 5.34 is shown in Figure 5.36 and particles with lattice
fringes of 0.50nm(020) and 0.42nm(110) of goethite could be seen. Figures 5.33 
and 5 . 3 4  are typical of the electron microscopy observations made on the iron 
oxides from the red mottles in this soil. Since electron diffraction of the 
aggregates gave the reflections of goethite, while the reflections that may indicate 
other phases of iron oxide were absent in all the diffraction patterns it would 
appear that the particles seen in the micrographs are goethite particles. Due to 
the red colour of the fraction which compared with the red mottles in Sample
404.05 ferrihydrite was also expected in the red fraction of the soil. It is
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however possible that the weaker reflections of a less crystalline ferrihydrite were 
suppressed in a ferrihydrite/goethite mixture.
As in all other cases association of iron oxide particles with other soil 
minerals was rare in most of the cases encountered in this fraction. Figures 
5.37a and 5.37b, however, show two sections of one particle and aggregates and 
individual particles of iron oxide appeared to be stuck to the edges as well as 
surfaces of the particle. Although no electron diffraction of the particle was 
available it was found to have similar morphological characteristics with the 
halloysite clay particles seen in the soil. It would thus appear from this case and 
that already described in the last section that the association of iron oxide 
particles with halloysite clay particles is a possibility though not a common 
occurence in these soils.
(ii) Yellow fraction (Munsell 10YR 8 / 8  to 10YR 8/61
Generally, the yellow colured oxides were morer dispersed throughout the 
soil and gave the soil its general colour. However, some areas of higher 
concentration of yellow coloured material could be identified in the soil, and 
these were separated as yellow fraction. As was the case with the red mottles, a
higher concentration of iron oxide particles, than in the whole soil, was indicated
in this fraction. Electron microscopy observations showed the morphology of 
some of the iron oxides particles in the fraction to be different from those
encountered in the red fraction.
An aggregate of iron oxide particles from the yellow fraction of Sample
404.06 is shown in Figure 5.38. The electron diffraction of the particles, shown 
as inset in the figure gave the reflections of goethite. Most of the particles in 
this case have a definite lath-like  (or acicular) morphology. Measurement of the 
width of five particles seen in the figure showed the width to range between
13.15nm and 20.16nm. Some of the particles seen in Figure 5.38 and labelled A
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and B in the figure are shown in Figures 5.39 and 5.40 respectively. Lattice 
fringes with spacings of about 0.42nm which corresponds to the (110) plane of 
goethite could be seen on the particles. In general, the goethite particles in 
Figure 5.38 are different from those encountered and presented earlier for the 
red mottles as lath— like morphology of many of the goethite particles is apparent 
in this case and the particles are also larger. The particles are also larger than 
those encountered in the less weathered Sample 404.05. The fact that the
goethites in the two different fractions from the same soil showed morphological 
differences may be an indication that the goethites were formed in different ways. 
It is possible that the goethite in the red fraction was formed from ferrihydrite 
under conditions (e.g the presence of organics, etc) that inhibited crystal growth
while the larger goethite particles in the soil may have been formed directly from 
F e 3"1" in the soil system (without going through the ferrihydrite route) and have 
been able to grow uninhibited. Alternatively, both goethites were produced in 
similar ways, but with the larger particles being formed earlier.
Another high resolution image of iron oxide particles is shown in Figure
5.41. Lattices with spacings of 0.42nm (110) of goethite could be seen on some 
particles. The particle labelled A on the micrograph would appear to be a 
goethite particle seen on— edge. A crystal fault similar to that observed on the 
particle in Figure 5.27 could be seen on this particle. Lattice spacing of 
0 .4 5 5 nm seen running across the a— axis corresponds to the cell constant, a 0, of 
the goethite crystal while the lattices running across the b—axis have spacing of 
0.960nm and corresponds to the cell constant b0 . The value of b0  obtained in 
this case agrees well with the 0.977nm obtained for the particle in Figure 5.27. 
However, a size of 18.48nm x 30.24nm measured for this particle as against the 
8.98nm x 20.32nm for the particle in Figure 5.27 further supports the observation 
of a larger size of the goethite particles in this soil compared to those in Sample
404.05. Although differences in Al substitution had been reported to be a
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common factor responsible for differences in size and morphology between
goethite particles with goethites with higher Al substitution being generally smaller 
(e.g Schulze, 1982; Schwertmann, 1984), the fact that aluminium substitution for
Sample 404.06 was found to be higher (see Chapter 6) than that for Sample
404.05 would appear to rule out aluminium substitution being responsible for the 
difference in the sizes of the soil goethites in this case. A more likely
explanation may be that the goethites in the more weathered Sample 404.06 were
produced earlier and have had more time to grow.
The presence of goethite as the iron oxide phase in this fraction was as
expected based on the yellow hue of the fraction.
(iii) Whole soil and clav fraction
Results of electron microscopy of the dispersed whole soil and clay
fraction showed particles that were similar to those already presented for the red 
and yellow fractions. Laths of goethite particles often showing lattices with
spacing of 0.42nm (110) were often seen amongst aggregates of iron oxide
particles. In most cases aggregation of the particles hindered an evaluation of
the morphology of the individual particles.
(c) Sample 404.07
The sample description and Munsell colours for this soil were given in
Chapter 3. Since there were very few concentrations of iron oxides (in form of 
mottles, concretions etc) in the soil, electron microscopy observations were 
performed only on the clay fraction (<2jwm) of the soil. As was the case with 
the other soils, strong aggregation of the iron oxide particles was indicated by
electron microscopy. Electron diffraction suggessted all the iron oxide particles 
encountered in this soil in the course of the investigation to be goethite.
A typical aggregate of iron oxide particles seen in the soil is shown in
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Figure 5.42 amidst clay particles. Electron diffraction of the particles (shown as 
inset) revealed reflections that identify the particles as goethite. Due to severe 
aggregation of the iron oxide particles in the soil it was not possible to study the 
morphology of the individual particles of iron oxide in detail.
(d) Sample 404.08
The sample description and Munsell colours for the sample were given in 
Chapter 3. No obvious concentrations of iron was found in the soil, hence 
electron microscopy was performed only on the clay fraction (<2j/m).
Electron diffraction suggested all the iron oxide particles encountered 
during microscopy to be goethite. Figure 5.43 shows a high resolution image of 
an aggregate of iron oxide particles from the sample. Aggregation of the iron 
oxide particles in all the cases encountered hindered morphological studies of the 
individual iron oxide particles.
5.10.3 Electron Microscopy Study of 5 M Boiling NaOH Treated Residue
Due to the low concentration of iron oxides in the soils it was found 
necessary to concentrate the oxides and increase the percentage in the sample to 
enable their study by some of the techniques employed in the investigation. 
Concentration was achieved by the use of boiling 5M NaOH solution for 1 hour. 
Details of the procedure had been described in Chapter 4 and results of chemical 
tests on untreated and NaOH treated samples were given in Table 4.5. Electron 
microscopy study of the residues from the boiling NaOH treated samples was 
performed to obtain more information on the character of the iron oxides and 
assess the effect of the chemical treatment on the oxides, if any.
Generally, boiling NaOH treatment on the clay fraction (<2jim) of the 
soils concentrated the iron content by factors of between 2.1 and 3.2 on the clay 
fraction and between 4.3 and 7.5 on the whole soil (see Table 4.6). The higher
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percentage of iron oxide in the residues following NaOH treatment made 
microscopic studies of the oxides easier than was the case with the untreated soil. 
All kaolinitic minerals (halloysite and kaolinite) were effectively dissolved by the 
boiling sodium hydroxide treatment leaving aggregates of iron oxide particles and 
muscovite. The results of electron microscopy studies on the residues obtained 
from NaOH treatment on the soils are presented below for each of the soils.
(a) Sample 404.05
A general section of the NaOH treated residue (Figure 5.44) showed 
aggregates of small particles and thin clay plates. Electron diffraction showed the 
aggregates to be iron oxide particles while the clay plates were muscovite. In 
contrast with the general section of the untreated soil virtually all the halloysite 
clay minerals in the soil was dissolved by the NaOH treatment while the 
muscovite particles were more resistant to the treatment.
Electron diffraction patterns of the aggregate studied revealed reflections
of goethite. Figure 5.45 shows a high resolution image of an aggregate of iron
oxide particles. The associated electron diffraction (shown as inset) gave
reflections of goethite. Although the morphology of most of the individual
particles could not be discerned due to aggregation some shorM ath— like particles
buju**-
could be seen amongst the particles in the aggregate shown in^5.45. This was 
typical of most of the aggregates studied. Measurement of the width of 15
lath— like particles obtained from several micrographs showed it to range between 
4.0nm and 5.0nm with an average width of about 4.5nm. This compares well
with an average width of about 4.4nm obtained for la th - like goethite particles in 
the untreated soil (Section 5.10.2a). In general, no change to the morphology of 
the iron oxide particles was observed following treatment with 5M boiling NaOH. 
Similarly, no indication of improvement in crystallinity of the goethite particles 
was apparent from comparison of intensities of the electron diffraction of treated
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and untreated soils.
Although ferrihydrite was identified mainly in the red mottles of the
untreated soil, electron diffraction did not indicate the presence of ferrihydrite in 
the residue from NaOH treatment of the whole soil. This is most probably due
to the fact that the proportion of ferrihydrite, and hence its detection, in the
whole soil was much lower than that in the red mottles although the conversion 
of ferrihydrite into other products following NaOH treatment could not be ruled 
out (e.g Goodman et al, 1988).
(b) Sample 404.06
Electron diffraction of the iron oxide particles examined in this sample 
gave goethite reflections. A high resolution image of an aggregate of iron oxide 
particles encountered in the sample is shown in Figure 5.46. In agreement with 
observations made on the yellow fraction of the untreated soil, definite laths, 
some with lattice fringes of 0.42nm of goethite (see inset), were evident. The
width of 20 laths measured from several micrographs ranged between 5.0nm and 
12.3nm with an average of about 8.2nm thus making them generally larger than 
those observed in the shallower soil (404.05). A similar trend was observed for 
the untreated soils.
(c) Sample 404.07
Electron diffraction of the aggregates of iron oxide particles seen in the 
boiling 5M NaOH treated residue showed goethite reflections as was the case with 
the untreated soil. The high resolution image of the aggregates (e.g. Figure 
5 .47) often showed severely aggregated particles which made it difficult to 
determine the morphology of the particles. However, most individual goethite
particles appeared to have a morphology that is more p late-like  than acicular (or 
la th -like). This morphology is in contrast to those of the goethite particles in
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the deeper soils where lath— like goethite particles were common.
(d) Sample 404.08
Because the content of the 2:1 clay minerals in this soil was lower and 
the kaolinite content higher compared to the deeper soils as revealed by X— ray 
diffraction (Chapter 6) and infrared spectroscopy (Chapter 7) of the clay fraction 
of the soils, fewer clay particles were found in the residue and better 
concentration of the iron oxides was indicated. Iron oxide particles could be seen 
as aggregates while clay particles (mostly muscovite) were present as thin, 
irregular plates. As was the case with the untreated soil, electron diffraction of 
the aggregates revealed reflections that were indicative of goethite. Figure 5.48 
shows a high resolution image of some goethite in the NaOH— treated residue 
while Figures 5.49 and 5.50 show enlargements of some of the particles in Figure 
5.48. The lattice fringes shown have spacings that are characteristic of goethite. 
Several of the particles that could be discerned in the available micrographs had 
the appearance of elongated plates and an estimation of the width of 17 particles 
obtained from the micrographs showed it to range between 8.0nm and 20.0nm 
with an average of about 12.2nm. Because it was not possible to obtain the 
morphology of the individual particles in the untreated soils no comparison in 
morphology of the iron oxide particles could be made between treated and 
untreated soils. Generally, the goethite particles seen in this soil appeared to 
have a platy morphology. Hence there is a general trend of a progressive 
change in the morphology of the goethite from lath— like in the deeper soils to 
plate— like in the more weathered soils.
(f) 5 M NaOH Treatment of Synthetic Iron Oxides
As control for the sodium hydroxide concentration experiment on the 
natural samples, synthetic samples of ferrihydrite and goethite were treated in the 
same way as the clay samples. The preparation of the synthetic forms were
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discussed earlier in Chapter 3. Before treatment with sodium hydroxide the 
synthetic iron oxides were mixed with 50% well crystallized "Geogia kaolin" as 
recommended by Kampf and Schwertmann (1982). Since, from X -ra y  analysis 
results, the amount af kaolin (present as mixture of halloysite and kaolinite) in all 
the clay samples was more than 50%, addition of 50% kaolinite to the synthetic 
samples should still make them comparable with the natural samples. Results of 
electron microscopy performed on both untreated and sodium hydroxide treated 
synthetic samples are presented below:
(i) Ferrihydrite
The micrograph showing the particles of untreated ferrihydrite is shown in 
Figure 5.19 and the electron diffraction is shown in Figure 5.20. Electron 
microscopy of the 5M boiling sodium hydroxide treated ferrihydrite showed 
particles of ferrihydrite that are similar in size and morphology to those of the 
untreated samples and the electron diffraction gave the same spacings as those for 
the untreated samples. No phase transformations or improvement of crystallinity 
of the ferrihydrite particles could be inferred from the electron diffraction results.
(ii) Goethite
Transmission electron microscopy and electron diffraction of synthetic 
goethite particles before and after treatment with 5M boiling NaOH did not 
indicate any transformations to the goethite particles. The high resolution image 
and electron diffraction of untreated goethite particles is shown in Figures 5.26.
Electron microscopy results obtained for the NaOH treated sample showed them
to be similar to those obtained for the untreated sample.
The results presented above for the control tests are in line with those
presented by Kampf and Schwertmann (1982) and appeared to indicate that the
NaOH treatment did not affect the synthetic ferrihydrite and goethite particles
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adversely, although the effect of the treatment on the soil oxides may be
different and needed to be monitored.
5.10.4 Electron Microscopy Study of HF Treated Residue
Except for the synthetic ferrihydrite, the results of electron microscopy 
on residues obtained from HF treated soil and synthetic oxides (controls) were 
similar to those presented above for 5 M boiling NaOH treated oxides. In the 
case of the synthetic ferrihydrite, as discussed earlier in Chapter 4, the
ferrihydrite particles were instantly dissolved on contact with the HF and no 
residue was obtained.
5.10.5 Beam Damage to Soil Iron Oxides
The soil iron oxides (ferrihydrite and goethite particles) were investigated 
for electron beam damage by exposure in the diffraction mode and high 
resolution microscopy mode. The diffraction pattern of the exposed particles was 
obtained immediately and at 3 minutes intervals of exposure. No change in 
phase or crystallinity of the soil ferrihydrite particles was observed from 
comparison of the diffraction patterns obtained at immediate diffraction and even 
after ten minutes, thus showing the ferrihydrite to be reasonably stable to the
electron beam under diffraction conditions. However, comparison of electron 
diffractions done before and after exposure of the ferrihydrite to the electron 
beam at transmission mode (for high resolution microscopy) showed that the 
ferrihydrite was converted to hematite after about ten minutes exposure. The 
immediate diffraction (before exposure to the electron beam in transmission mode) 
pattern of an aggregate of soil ferrihydrite is shown in Figure 5.16 and Figure
5.51 shows the diffraction pattern after ten minutes of exposure to the electron 
beam at transmission (HREM) mode. The 0.184nm, 0.269nm, and 0.367nm
reflections which are indicative of hematite are evident in Figure 5.51 thus
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indicating that the ferrihydrite particles had been converted to hematite. 
Although a detailed study of beam damage to ferrihydrite was not done, no 
reflections of any other iron oxide mineral obtained at any time during the 
conversion of ferrihydrite to hematite in the electron beam thus suggesting that 
conversion of ferrihydrite to hematite was not through an intermediate phase.
Similar tests on the soil goethites showed that they were not affected by 
the electron beam in the diffraction mode for ten minutes, but the goethite 
particles were found to convert to hematite at ten minutes exposure to the 
electron beam in high resolution mode as illustrated by the diffraction patterns 
before and after exposure in HREM (Figures 5.52 and 5.53 respectively). Figure
5.52 shows the typical goethite reflections obtained from the particles before 
electron microscopy while Figure 5.53 shows typical hematite reflections after
exposure to the electron beam. In both cases, for ferrihydrite and goethite, no 
change in morphology accompanied the change to hematite. Some of the results 
of beam damage obtained for the soil iron oxides in this investigation, however
appeared to be in contrast to those obtained by some previous authors. Eggleton
and Fitzpatrick (1988) reported, for synthetic 2—line and 6—line ferrihydrite, that 
"...the electron diffraction patterns of the ferrihydrite aggregates are similar to the 
XRD patterns and do not change after prolonged (10 min) electron—beam 
exposure" and that "...the crystals were quite stable under the electron beam, 
surviving for minutes with no apparent damage". Although it was not made quite 
clear by the authors, it would appear that the first statement refers to exposure 
in the diffraction mode while the second statement refers to exposure in bright 
field, transmission mode under high resolution microscopy. A similar result was 
obtained for the synthetic 6 -  line ferrihydrite (prepared in a similar way to
Eggleton and Fitzpatrick's) used as control in this study. Considering these cases, 
the results obtained for the soil ferrihydrites in this study agreed with those for 
synthetic ferrihydrites reported by Eggleton and Fitzpatrick (1988) for exposure in
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the diffraction mode, but the conversion of the soil ferrihydrites to hematite 
appeared contrary to what was reported for the synthetic ferrihydrites by these 
authors for exposure under high resolution microscopy. Also, Smith and Eggleton 
(1983) reported that no appreciable radiation damage was detected when some 
natural goethites were exposed (presumably in high resolution microscopy 
conditions) to the electron beam for long periods of — 20 minutes. This is 
contrary to what was obtained for the soil goethites particles in this study.
In the present case, the change from ferrihydrite and goethite to 
hematite is most likely to have been brought about by dehydration of the 
particles, caused by specimen heating, as a result of electron— specimen 
interactions already reviewed in Section 5.6. The conversion of ferrihydrite to 
hematite following dehydration caused by heating is well known (e.g Schwertmann, 
1959; Schwertmann and Fischer, 1966; Fischer and Schwertmann, 1975). 
According to these authors hematite forms from ferrihydrite through an internal 
dehydration and rearrangement within the ferrihydrite aggregates. Similar 
conversion of goethite to hematite on dehydration is well documented and 
akaganeite has been shown to undergo structural changes during HREM 
observation (Galbraith et al; 1979).
Although the microscope operating conditions such as accelerating voltage 
used and exposure time have a role to play in causing electron beam damage, 
comparison of the results obtained for the synthetic ferrihydrite by Eggleton and 
Fitzpatrick (1988) with those obtained in this investigation may suggest that the 
synthetic ferrihydrites are more stable in the electron beam than the natural 
ferrihydrites and goethites encountered in the soils studied. Hence, there may be 
structural differences between some synthetic and natural ferrihydrites and 
applications of tests done on synthetic forms to natural forms have to take this 
into consideration. Alternatively, conversion of ferrihydrite and goethite to 
hematite may depend on some variable physical conditions such as the heating
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rate and the initial physical state of the particles (e.g initial moisture content 
etc). Indeed Eggleton and Fitzpatrick (1990) stated that thermal transformations 
between the various iron oxide phases are complex and may depend on the 
structure of the original phase, crystal size and heating rates (see also Mackenzie, 
1970 and Rooksby, 1961).
An implication of these results is that it is possible to mis— identify soil 
ferrihydrite and/or goethite as hematite if electron diffraction is done after 
microscopy in the transmission mode, when the particles may have been subjected 
to change, due to exposure to electron beam. Hence necessary precautions must 
be taken not to over— expose the particles to the beam during microscopy. In 
the cause of this investigation the following procedure was followed to prevent 
mis— identification due to beam damage to iron oxide particles. The dispersed
soil, on a carbon coated grid, was inspected to locate the iron oxide particles
under a very low electron beam. Once the iron oxide particles were located, an
electron diffraction pattern was obtained fron the particles, followed by high 
resolution microscopy (this should be done as quickly as possible to prevent beam 
damage). It is advisable to do high resolution microscopy before low 
magnification microscopy because beam damage could be possible during low 
magnification microscopy and lattice images obtained from HREM thereafter would 
be that of a damaged structure, thereby leading to misinterpretation of the 
micrographs. Another diffraction pattern was then obtained after the series of 
high resolution microscopy in order to determine if beam damage occured during 
HREM. Finally, the low magnification microscopy was done. A diffraction 
pattern after the low magnification microscopy may be desirable for further
monitoring of beam damage.
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5.11 SUMMARY
Some of the important findings of electron microscopy observa 
tions presented in this chapter are summarised below.
5.11.1 Clav Mineralogy
(1) Transmission and scanning electron microscopy showed the 
main clay minerals in the deeper soils to be rolled-up 
tubes of halloysite while very few plates of muscovite 
were also identified.
(2) Both silt and clay size tubes of halloysite could be 
identified by electron microscopy. It is possible that 
mechanical treatment to disperse the soil prior to 
particle size analysis may lead to a breakdown of the 
silt fraction tubes to clay fraction sizes and 
variations in the type and amount of treatment used may 
lead to variations in grading of the same soil.
(3) As weathering increased, in the shallower soils, a 
variation in the mineralogy of the soils was indicated 
with small sized kaolinite plates progressivelly 
replacing halloysite as the predominant clay mineral in 
the soils. The particle size of the halloysite tubes 
also reduced.
5.11.2 Iron Oxide Mineralogy
(1) Spherical ferrihydrite particles with diameter ranging 
between 5.1 and 5.6nm were identified in the red mottles 
of Sample 404.05. Goethite particles were identified as
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the only other iron oxide minerals in the soil. The 
goethite particles had lath-like (or acicular) 
morphology with an average width of about 4.4nm for 
crystals that were assumed to show the (100) plane.
(2 ) Goethite crystals that ap peared  t o  show the (1 1 0 ) face 
showed single domains and XY d im en sions o f  8 .9 8  x 20nm. 
The single domainic s t r u c tu r e  o b ta in e d  fo r  the goethites 
with Al substitution of 9.4roo>le % a g re ed  well with 
observations made earlier fo r  s y n t h e t ic  systems.
(3) A possible cell constant of b0 = 0.977njm was indicated 
for the goethite particles in Sample 404.05.
(4) Electron diffraction only revealed goethite particles in 
the red mottles of Sample 404.06 although the presence 
of a less crystalline ferrihydrite (as was found in 
Sample 404.05) could not be totally discounted.
(5) Only goethite particles, showing lath-like (or acicular) 
morphology were identified in the yellow fraction of 
Sample 404.06. The goethite particles were larger than 
those seen in the red mottles of the same soil and those 
seen in Sample 404.05.
(6) Cell constants of a0 £ 0.455nm and bQ & 0.960 was 
obtained for a goethite particle in Sample 404.06.
(7) Only goethite particles were identified in Samples 
404.07 and 404.08. The acicularity of the goethite 
particles was lesser than in the deeper soils and the 
morphology of the particles was more plate-like.
(8) Evidence of iron oxide attached to the edge and surfaces 
of a few clay particles appeared to indicate that the
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i n t e r a c t i o n  o f  i r o n  oxide  wi t h  c l a y  p a r t i c l e s ,  i n  t h i s  
way, i s  a p o s s i b i l i t y  but i t  was no t common enough to  
i n f l u e n c e  t he  p r o p e r t i e s  o f  t he  c l a y s  i n  t h e  s o i l s  
s t u d i e d .
(9)  Both s o i l  f e r r i h y d r i t e  and g o e t h i t e  p a r t i c l e s  were found 
to  be s t a b l e  i n  t he  e l e c t r o n  beam in  th e  d i f f r a c t i o n  
mode.
( 1 0 ) In c o n t r a s t  t o  some e a r l i e r  r e p o r t s ,  b o t h  s o i l  
f e r r i h y d r i t e  and g o e t h i t e  were found t o  be c o n v e r t e d  to 
h e m a t i t e  on exposure  t o  t he  e l e c t r o n  beam in  h i gh  
r e s o l u t i o n  mode. I t  was c onc l uded  t h a t  phase 
t r a n s f o r m a t i o n  on h e a t i n g  i s  complex and may depend on 
v a r i o u s  f a c t o r s .
( 1 1 ) H i n t s  on e l e c t r o n  mic roscopy on i r o n  o x i de s  i n  o r d e r  to 
a v o i d  m i s - i n t e r p r e t a t i o n  as  a r e s u l t  o f  beam damage have 
been  g i ven .
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Figure 5.1: Schematic diagram of a high resolution transmission 
electron microscope
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Incident 
electon beam
Backscattered electrons
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Incoherent elastic scattering 
(from point objects)
Characteristic x— radiation
Secondary electrons
Auger electrons
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—1— Absorption (heating, ionisation, 
plasmon scattering ...)
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(from periodic objects)
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Figure 5.2: Schematic representation of the wealth of information 
resulting from the interaction between the electron 
beam and the specimen in:
(a) scanning or analytical electron microscopy
(b) conventional and scanning transmission electron 
microscopy.
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ELECTRON MICROSCOPE IMAGE ELECTRON DIFFRACTION PATTERN
Figure 5.3: Comparison between image and electron diffraction 
pattern formation in the transmission electron 
microscope.
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Figure 5.4: The selected-area aperture ensures that only electrons 
coming from a chosen region in the specimen contribute
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Figure 5.5: The transmission electron microscope as a simple 
diffraction camera.
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Figure 5.6: TEM micrograph of the whole soil Sample 404.05 showing
long, rolled-up tubes of halloysite and some clay plates
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Figure 5.7: Single crystal diffraction pattern of a halloysite tube 
showing reflections at 0.739nm, 0.445nm, 0.42nm, 
0.358nm, 0.254nm, 0.224nm, 0.151nm and 0.149nm. The 
streaked pattern is indicative of a tubular morphology.
Figure 5.8: Single crystal diffraction of a clay plate showing
reflections at 0.445nm, 0.257nm, 0.225nm, 0.170nm and 
0.149nm. The clay may be a mica.
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Figure 5.9: TEM micrograph of the clay fraction of Sample 404.05.
The halloysite tubes are shorter than those shown for 
the whole soil in Figure 5.6.
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Figure 5.10: SEM micrograph of Sample 404.05 showing long fibres 
being formed from a primary mineral (most probably 
plagioclase). Voids with more or less circular cross 
section could be seen on the micrograph.
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Figure 5.11: TEM micrograph of the clay fraction of Sample 404.06 
showing halloysite tubes and mica plates.
Figure 5.12: TEM micrograph of Sample 404.07 showing halloysite
tubes and clay plates. The proportion of clay plates 
has increased compared to the previous samples.
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Figure 5.13: TEM of the clay fraction of Sample 404,08 showing short 
halloysite tubes and clay plates (mostly kaolinite).
Figure 5.14: SEM micrograph of Sample 404.08. A more compact 
structure of the soil than the previous soils is 
indicated.
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Figure 5.15: HREM Of spherical particles of ferrihydrite in the red 
fraction of Sample 404.05. The long lath-like particle 
is halloysite.
saga
2 0 n m
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Figure 5.16: Electron diffraction pattern of the ferrihydrite 
particles shown in Figure 5.15.
Figure 5.17: HREM of another aggregate of ferrihydrite particles in 
the red fraction of Sample 404.05. The lath-like 
particles are halloysite.
0 - 2 5 4 n m
2 0 n m
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Figure 5.18: HREM of an aggregate of spherical ferrihydrite
particles. Some individual particles suitable for 
particle size determination could be seen in the 
micrograph.
msm
2 0 n m
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Figure 5.19: HREM of synthetic ferrihydrite showing similarities in 
morphology and particle size to the soil ferrihydrite 
in Figure 5.18
20nm
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Figure 5.20: Electron diffraction pattern of the synthetic 
ferrihydrite shown in Figure 5.19.
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Figure 5.21: HREM of iron oxide particles in Sample 404.05. The
0.42nm(110) lattice fringes of goethite are in evidence
frMSLfr >'• M .
4^4
10nm
___
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Figure 5.22: Polycrystalline electron diffraction pattern of the 
goethite particles in Figure 5.21.
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Figure 5.23: HREM of goethite particles in Sample 404.05. The
arrowed particles may be bundles of goethite laths.
2 0 n m
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Figure 5.24: HREM of lath shaped goethite particles and spherical 
particles (probably ferrihydrite). The particles 
labelled A, B, C, D and E are likely to be clay 
part icles.
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Figure 5.25: Lattice image of the group of goethite laths labelled F 
in Figure 5.24 showing the 0.42nm(110) lattice fringes.
1 0 n m
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Figure 5.26: HREM of synthetic goethite showing lath shaped
particles. Both the electron diffraction and lattice 
image are shown as inset. The 0.50nm(020) and 
0.42nm(110) lattice fringes could be seen on the 
lattice image.
20nm
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Figure 5.27: HREM of the goethite particle labelled 'G' in
Figure 5.24. The particle is likely to be a goethite 
crystal showing the (110) face. The lattice fringes of 
0,977nm correspond to the cell constant (b0) of the 
goethite crystal. The scale bar of Figure 5.28 (below) 
applies.
Figure 5.29: HREM of the spherical particles labelled * J' in 
Figure 5.24.
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Figure 5.30: HREM of iron oxide and clay particles. The iron oxide 
particles appear to be attached to the edges and 
surfaces of the halloysite tubes. Electron diffraction 
of the iron oxide particles showing goethite 
reflections is shown as inset.
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Figure 5.31: TEM of an aggregate of iron oxide particles from the 
red fraction of Sample 404.06.
Figure 5.32: Electron diffraction of the iron oxide aggregate in 
Figure 5.31 showing reflections that are typical of 
goethite.
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Figure 5.33: HREM of aggregated iron oxide from the red fraction of 
Sample 404.06. A lath of goethite particle marked 'A ' 
is shown as inset and reveals the 0.42nm(110) lattice 
fringes.
\v-\V
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Figure 5.34: HREM of iron oxide particles from the red fraction 
of Sample 404.06. The electron diffract ion pattern 
showing goethite reflections is shown as inset. The 
particles labelled 'A' and 'B' are enlarged in 
Figures 5.35 and 5.36 respectively.
It"
20nm
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Figure 5.35: Lattice image of a goethite lath labelled 'A' in 
Figure 5.34. The 0.42nm(110) lattice fringes of 
goethite are in evidence.
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Figure 5.36: HREM of goethite particles labelled 'B' in Figure 5.34 
showing particles with 0.50nm(020) and 0.42nm(110) 
lattice fringes.
10nm
Chapter 5: Electron Microscopy
206
NEXT PAGE
Figure 5.37a: HREM of iron oxide particles stuck to the edges and 
surfaces of a halloysite particle. The scale bar in 
Figure 5.37b applies.
Figure 5.37b: Another view of the iron oxide and clay particles in 
Figure 5.37a.
20nm
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Figure 5.38: HREM of iron oxide particles in the yellow fraction of 
Sample 404.06 showing lath-like (acicular) particles. 
The electron diffraction pattern is shown as inset and 
revealed goethite reflections. The particles labelled 
'A' and 'B' are enlarged in Figures 5.39 and 5.40 
respect ively.
20nm
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Figure 5.39: Lattice image of a goethite lath labelled 'A' in 
Figure 5.38. The 0.42nm(110) lattice fringes of 
goethite are in evidence. The scale bar on Figure 5.40 
(below) applies.
Figure 5.40: Lattice image of another goethite lath (marked *B* in 
Figure 5.38) showing the 0.42nm(110) lattice fringes.
10nm
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Figure 5.41: HREM of goethite particles in the yellow fraction of 
Sample 404.06. The 0.42nm(110) lattice fringes are 
evident on some of the particles. The particle labelled 
’A’ is probably a goethite crystal seen on-edge and the 
0.455nm and 0.960nm lattice fringes on the particle 
correspond to the cell constants a0 and b0 of the 
goethite crystal respectively.
10nm
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Figure 5,42: TEM of iron oxide particles in Sample 404.07. The
electron diffraction shown as inset gave reflections 
that identified the particles as goethite.
Figure 5.43: HREM of aggregated goethite particles in Sample 404.08.
100nm
20nm
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Figure 5.44: TEM of the general section of the NaOH-treated residue 
of Sample 404.05 showing iron oxide aggregates and 
clay plates.
1 j j  m
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Figure 5.45: HREM of goethite particles in the NaOH-treated residue 
of Sample 404.05. Electron diffraction is shown as 
inset.
mmm
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Figure 5.46: HREM of goethite particles in the NaOH-treated residue 
of Sample 404.06. Lattice image shown as inset shows a 
lath of goethite with the 0.42nm(110) lattice fringes 
in evidence.
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Figure 5.47: HREM of goethite particles in the NaOH-treated residue 
of Sample 404.07. A more piate-like morphology of the 
goethite particles, compared to those in the deeper 
soils, is indicated.
V:-. ;)}'■■
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Figure 5.48: HREM of goethite particles in the NaOH-treated residue 
of Sample 404.08 showing goethite particles with 
plate-like morphology. Enlarged sections of the 
micrograph are shown on Figures 5.49 and 5.50.
ipSI
M
20nm
216
Chapter 5: Electron Microscopy
NEXT PAGE
Figure 5.49: Lattice images of some goethite particles shown in 
Figure 5.48. A plate-like particle with 0.42nm(110) 
lattice fringes could be seen in the micrograph. The 
0.445nm lattice fringes are from a clay particle. The 
scale bar in Figure 5.50 applies.
Figure 5.50: Lattice image of some goethite particles shown in 
Figure 5.48 showing particles with the 0.50nm(020) 
lattice fringes.
O-SOnm
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Figure 5.51: Electron diffraction of soil ferrihydrite after
exposure (to the electron beam) at transmission (HREM) 
mode for 10 minutes. The reflections signifying 
conversion to hematite are indicated.
0-184nm
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F ig u re  5 .5 2 : T y p ic a l e l e c t r o n  d i f f r a c t i o n  o f  s o i l  g o e th i te  
p a r t i c l e s  a t  im m ediate d i f f r a c t i o n  ( i . e  b e fo re  
ex p o su re  to  th e  e l e c t r o n  beam a t  t r a n s m is s io n  m ode).
F ig u re  5 .5 3 : E le c t r o n  d i f f r a c t i o n  o f  s o i l  g o e th i te  p a r t i c l e s  a f t e r  
ex p o su re  ( to  th e  e l e c t r o n  beam) a t  t r a n s m is s io n  (HREM) 
mode f o r  10 m in u te s . The r e f l e c t i o n s  s ig n i f y in g  
c o n v e rs io n  to  h e m a tite  a re  in d ic a te d .
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X ~  RAY DIFFRACTION
6.1 INTRODUCTION
X— ray diffraction has been used in this study to determine the mineralogy 
of the soils and further characterise the iron oxides. In this respect, the
technique complements the other techniques such as electron microscopy, infrared 
spectroscopy, and differential scanning calorimetry used in the investigation.
However, the technique has the added advantage that it could be used in the 
determination of the structure of the iron oxide particles and A1 substitution for
Fe in the iron oxide structure could be determined.
Sections 6.2 gives a general review of the development of X— ray 
diffraction, Section 6.3 presents the principles and theory of the technique,
Section 6.4 discusses the choice of some diffractometer, accessories such as 
radiations, filters and monochromators for different applications of X— ray
diffraction, and Section 6.5 highlights the problems and limitations of the
technique in the study of iron oxide mineralogy. The experimental methods 
employed in the present investigation are given in Section 6.6, and the results of 
X— ray diffraction on the untreated soil samples and residues from 5 M boiling
NaOH and HF concentration methods for iron oxide are presented in Section 6.7. 
The summary of some of the important findings of X—ray analysis is given 
Section 6.8.
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6.2 GENERAL
X— ray diffraction is one of the oldest and most widely used techniques 
for mineralogical studies and its principles and practice have been addressed by 
various authors such as Buerger (1942), Sproull (1946), Henry et al. (1951), Klug 
and Alexander (1954, 1974), Clark (1955), Cullity (1956), Whittig (1965), Brown 
and Brindley (1980) and Wilson (1987) amongst others, and a brief review is 
included in the next sections. Hadding (1923) and Rinne (1924) were the first to 
apply X— rays to the study of clay minerals, and Hendricks and Fry (1930) and 
Kelley et al. (1931) were the first to demonstrate that soil clays contain 
crystalline mineral components that yield X— ray diffraction patterns. Investigation 
of the structure, properties, and occurence of soil clay minerals by X— ray 
diffraction methods has become a major effort in soil science (Whittig, 1965).
6.3 PRINCIPLES OF X -R A Y  DIFFRACTION.
Crystalline structures are characterised by a systematic and periodic 
arrangement of atoms (or ions) in a three-dim ensional array. Because crystals are 
composed of regularly spaced atoms, each crystal contains planes of atoms which 
are separated by a constant distance. The distances between planes are 
characteristic of the crystalline species.
X— rays are electromagnetic radiations of short wavelength (of the order of 
0.001 to 10nm.). Laue, in 1912, reasoned that if crystals were composed of 
regularly spaced atoms which might act as centres of scattering for X -rays , and 
if X— rays were electromagnetic waves of wavelength about equal to the 
interatomic distances in crystals, then it would be possible to diffract X— rays with 
crystals. Experiments designed to test his theories were successful, and he 
established the wave nature of X -rays and the periodicity of the arrangement of
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atoms within crystals.
The phenomenon of diffraction involves the scattering of X— rays by atoms 
of a crystal and the reinforcement of scattered rays in definite directions away 
from the crystal. Reinforcement of the scattered rays is quantitatively related to 
the distance of separation of atomic planes as described by Bragg's law,
n X =  2 d sin 6 [6.1]
where n is the order of reflection and takes values 1,2,3......, X is the wavelength
of the X— ray radiation, d is the interplanar spacing of atoms within the crystal 
and d is the glancing angle of reflection or half the angle between the incident 
and diffracted beams.
When a collimated beam of monochromatic X— rays of wavelength, X, 
strikes a crystal, the rays penetrate and are partially scattered from many 
successive planes within the crystal (Figure 6.1). For a given interplanar spacing, 
d, there will be a critical angle, 6, at which rays scattered from successive planes 
will be in phase along a front as they leave the crystal. A ray following the 
path BPB', for example, will have travelled some whole number of wavelengths 
nX further than a ray travelling along the path ADA'. The angle between the 
normal to the emerging wavefront and the atomic planes will be equal to the 
angle between the normal to the primary wave front and the atomic planes. 
Diffraction from a succession of equally spaced lattice planes results in a 
diffraction maximum which has sufficient intensity to be recorded.
When n is equal to 1, diffraction is of first order. At other angles where 
n is equal to 2 or 3, or a greater number, diffraction is again possible, giving
rise to second, third and higher orders of diffraction. Although d remains the
same, d/n values will be different depending on the value of n.
Since no two minerals have exactly the same set of interatomic distances,
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the angles at which diffraction occurs will be distinctive for a particular mineral. 
The interatomic distances within a mineral crystal then result in a unique array of
diffraction maxima which serves to identify that mineral.
Diffraction can occur whenever lattice planes become parallel to the
incident beam. The wavelength of radiation is characteristic and constant for the 
particular X— ray tube used. The angle of incidence, 6, of the primary radiation 
with the crystal planes can be varied, however.
With an X— ray spectrometer, the angle of incidence is varied by rotating 
the sample in the path of the primary X— ray beam. A Geiger— counter 
detector, used to intercept and measure the diffracted rays, also moves in such a 
way as to maintain an angle with the sample which is equal at all positions to
the angle of incidence of the primary beam. From the chart of a direct
recording X—ray spectrometer, the value of 26 (with reference to the primary
beam) is available directly.
The angle, 6, may be effectively varied by analysis with a stationary 
sample and recorder, the recorder in this case being a photographic film. 
Crystals to be analysed are reduced to a very fine powder and placed in the path 
of a beam of monochromatic X— rays. The particles of the powder are tiny 
crystals oriented at random with respect of the primary beam. Because of the 
large number of crystals in the mass of fine powder, there will be sufficient
crystals properly oriented so that every set of lattice planes will be capable of 
diffraction. The mass of powder is equivalent to a single crystal rotated, not
about one axis, but about all possible axes. In the event that several crystal 
species are present in the powder mixture, each component species registers its 
own diffraction maxima independently. The diffracted rays from a powder 
mixture may be registered on a photographic film or plate that is geometrically 
so placed in relation to the sample as to allow determination of the angle of 
diffraction for each maximum, and subsequent calculation of interatomic spacing.
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X— ray diffraction results are often recorded either by using powder 
cameras or by diffractometer methods (details of these are discussed in various 
texts including Klug and Alexander, 1974; Brown and Brindley, 1980). The 
X— ray powder camera produces photographs recorded on photographic films. 
The reflections are shown in the form of concentric rings similar to those 
obtained in electron diffraction of polycrystalline samples. The diffraction
spacings are then obtained from the measured diameter of the rings. The
classical Debye— Scherrer camera is still used but Guinier type focusing cameras 
with curved crystal monochromators are often preferred because of low
background scattering, sharper lines, and greater resolution. Powder photographs 
show weak reflections with greater certainty than most diffractometer recordings 
(Brown and Brindley, 1980).
For diffractometer methods reflections are often recorded on charts. Most 
clay mineral diffraction studies utilize counter diffractometers. Lattice spacings 
and reflected intensities can be measured quickly and accurately, and line breadths 
and profiles can be recorded. The reflected intensities are shown as peaks on a 
calibrated chart from which the value of 8 (or 28) can be read and used to
calculate the diffraction spacing at each peak using the Bragg relationship. 
Tables have also been produced from which the d—spacing can be read off 
directly, once the values of 8 and X (or appropriate radiation) are known. For 
most purposes, a scanning rate of 1 0 (20)/min. over an angular range of 2° to 
65° with filtered Cu Ka radiation suffices for routine examination, with 2cm of 
chart recording for 2° (28). With longer wave radiations, correspondingly larger 
ranges of 28 will be necessary to cover the same range of spacings and when 
time is an important factor 2° (20)/min. may be necessary. The output from 
the diffractometer may be tape- recorded and fed into computers for mineral 
identification and codifying of results. McCaleb (1966) has described an 
automated procedure of this kind.
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6.4 CHOICE OF RADIATION. FILTERS AND MONOCHROMATORS.
X—ray radiation can be obtained by the use of various anode materials.. 
The anode materials that are commonly used include Mo, Cu, Co, Fe and Cr.
In choosing the most suitable radiation several factors have to be considered that
depend on the composition of the specimen and the aim of the investigation.
Maximum peak intensity with minimum background is required and the radiation 
must give adequate dispersion, but with greater dispersion longer times are 
required to scan a given d— spacing range. The advantages and disadvantages of 
using the different types of radiation for the studies of clay and related minerals 
was discussed by Brindley and Brown (1980).
For most X— ray diffraction experiments monochromatic radiation is 
desirable. Crystal monochromators are necessary to obtain diffraction patterns
with little or no appreciable radiation other than the desired Ka radiation 
(possibly with higher harmonics from the general radiation which in powder 
diffraction are usually unimportant). However the additional cost, experimental 
complexity, and possible loss of intensity are factors to be taken into 
consideration. Traditionally a sufficient degree of monochromatization has been 
achived by using a filter, usually a thin metal foil, to decrease the intensity of 
the K|3 component to an acceptable small fraction of that of the Ka radiation. 
The filter also decreases background intensity due to the "white continuum", being 
especially effective in removing wavelengths just less than the absorption edge of 
the filter element.
6.5 PROBLEM OF THE STUDY OF IRON OXIDE MINERALOGY OF SOILS
USING X -R A Y  DIFFRACTION
For X— ray diffraction to be used successfully in mineralogical analysis
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certain conditions have to be satisfied. For X - ray diffraction of mixtures, each 
component has to be of enough proportion and crystallinity to allow detection by 
X— ray diffraction. Since soil iron oxides are often found in mixtures with clays 
and various other soil minerals, in cases where the oxides are present in relatively 
small proportions compared with the clays and other components it is often 
difficult to resolve the iron oxide peaks without prior concentration of the iron 
oxide minerals. Concentration of the iron oxides in the soil has often been 
achieved by separation of the soil into different fractions which are then analysed 
separately. The finer fractions often contain the iron oxide minerals. Also, due 
to the fact that clay minerals have similar d— spacings with iron oxide minerals 
the problem of overlapping of clay and iron oxides peaks may lead to difficulty
in interpretation of the diffraction results. In such cases separation and
concentration of the iron containing phases in the soil may be necessary. 
Techniques for achieving such separation and concentration of the iron oxides 
were discussed by Schulze (1987).
Poorly crystalline iron oxide phases such as ferrihydrite can also escape 
identification by X— ray diffraction, especially when present in mixtures with other 
iron oxide phases or clay minerals. In recent years, however, improved methods 
suitable for the detection of ferrihydrite in mixtures with other soil components 
have been developed. In particular, differential X— ray diffraction (Schulze, 
1982), electron diffraction, infrared spectroscopy and Mossbauer spectroscopy have 
proved successful. Furthermore the small crystal size of most soil iron oxide
minerals may lead to broadening of the diffraction peaks (Klug and Alexander,
1974) which makes accurate determination of the d—spacings difficult.
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6.6 EXPERIMENTAL METHODS
6.6.1 Instrumentation
X— ray diffraction was performed with a Phillips PW 1130/19, 2KW
diffractometer using Co Ka radiation and Fe filteration. The instrument was 
equiped with facilities for varying the scanning voltage and current and both the 
chart speed and slits could be adjusted. The equipment was operated at a
scanning rate of either 2 0, 26 per minute or 1120, 29 per minute and full scale 
deflection o f l  x 103 or 4 x 102 counts per second were used depending on the 
requirements of the sample tested. The equipment settings for the various 
analysis are shown on the different figures presented.
6.6.2 Sample Preparation
Sample preparation for X— ray analysis was done by two different methods. 
For the untreated clay samples, where the amount of sample available was large 
enough, randomly oriented samples were prepared by filling the soil into an A1 
sample holder and the surface gently pressed with a glass plate without a shearing 
motion to prevent smoothening of the surface which could induce preferred 
orientation of the particles. For the ethylene glycol treatment of the clay 
fraction the sample was sedimented onto a glass slide using distilled water. The 
slide was then placed on a wire gauze on a beaker containing ethylene glycol and 
the ethylene glycol evaporated into the sample in an oven at 60 °C for 24 hours.
Heat treatment was also done by heating the sample sedimented on a glass slide
to the desired temperature in an oven for the desired period of time.
For the residues obtained from the various chemical treatments, due to the 
small size of samples available, a smear of the sample was made on glass slide 
for X -ra y  analysis. In order to prevent preferred orientation of the particles 
which could occur from suspended particles settling down slowly onto the glass
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slide, a thick slurry of the soil in distilled water was smeared on a glass slide
preheated on a hot plate at 60 °C for about 10 minutes and quickly dried down
at the same temperature. The sample was made to cover as large area of the
glass as would be exposed to the X— ray beam and thick enough to prevent
interference from X— ray scattering from glass. Initial tests carried out using 
these procedures showed them to be satisfactory.
As all the samples examined contained some quartz, this was used as a 
standard as sample quartz could be used satisfactorily as a standard (Bryant et al;
1983; Campbell and Schwertmann, 1984). Quartz obtained from the sample was 
washed ultrsonically to remove impurities, crushed and the 20— 5 jrm size obtained 
by sedimentation and used as both internal and external standard for the 
estimation of peak positions and instrumental line broadening. In all cases the 
quartz (100) and (101) reflections were found to occur at 0.4255nm and 0.3335nm 
respectively while the width at half peak height (WHH) for both lines were found 
to be 0.150°,26. Thus, the preliminary investigations showed sample quartz to be 
suitable for use as both internal and external standards.
6.7 RESULTS
6.7.1 Clav Fraction
Figures 6.2, 6.3 and 6.4 show the X— ray diffraction traces for the 
air—dried, heated (at 550°C for 2 hours) and the ethylene glycol treated clay 
fraction of the soils respectively. For Sample 404.05, the diffraction pattern for 
the air—dried clay showed major reflections at l.OOnm, 0.74nm, 0.5nm, 0.445nm, 0 '42-4*** 
0.36nm, and 0.334nm. The 1.00, 0.5 and 0.334nm spacings persisted on heat 
treatment and may thus be attributed to mica (l.OOnm, 0.50nm and 0.334nm) and 
quartz (0.424nm and 0.334nm). The l.OOnm for the clay mica was sharp while 
the 0.50nm reflection was weak and broad. Both reflections, together with a
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sharp peak at 0.334nm (contributions from both mica and quartz) remained 
unchanged following treatment with ethylene glycol and appeared to suggest a 
2M1 type clay mica, i.e. either 2M1 illite or 2M1 muscovite. Since muscovite 
was indicated in the original granitic rock (observation from optical microscopy) 
the mica is most probably 2M1 muscovite unweathered from the fresh granite. 
The 0.74, 0.445, and 0.36nm reflections disappeared on heating but remained 
unchanged on treatment with ethylene glycol and the spacings may be attributed 
to kaolin. The kaolin reflections at 0.74nm and 0.36nm were broad with both 
reflections showing distinct asymmetry towards the low angle side, thus signifying 
halloysite (7A or metahalloysite) rather than kaolinite (Brindley and Brown, 1980 
and Wilson, 1987). The 0.445 (020) reflection for kaolin was more intense 
than the basal 0.36nm (002), although there might be contribution from muscovite 
to this reflection, and appeared to indicate a tubular morphology of the halloysite 
particles (Wilson, 1987). This indication was supported by transmission electron 
microscopy observations (Chapter 5) which showed the halloysite particles to be in 
the form of rolled— up tubes.
The traces for the more weathered Sample 404.06 showed similar 
reflections to those already discussed for Sample 404.05, except for the much 
smaller amount of muscovite (perhaps due to weathering) indicated by a smaller 
peak (than 404.05) at l.OOnm, while the 0.50nm peak was absent. Also, the 
kaolin 001 reflection had shifted slightly to 0.73nm. The characteristics of this 
reflection and those at 0.445nm and 0.36nm were similar to those described for 
Sample 404.05 and indicated halloysite (7A) to be the main clay mineral in the 
soil, as was the case with the previous soil.
For Sample 404.07, a further shift of the kaolin 001 reflection^) 0.719nm 
was indicated and this reflection, together with the 0.36nm (002) rejection were 
sharper than was the case with Sample 404.05. In addition, the 0.443nm (020) 
spacing was far less intense than the basal reflections, unlike in previous cases.
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The trace for the randomly oriented sample was quite similar to those for 
disordered kaolinite (Brindley and Brown, 1980 and Wilson, 1987). Clearly, the
trace may be interpreted as halloysite (7A) by some investigators (because of the 
relatively high 001 spacing which is expected at 0.72 to 0.74nm for halloysite) or 
as disordered kaolinite by others (because of the characteristics of the reflections). 
In the present investigations, complete identification was aided by transmission 
electron microscopy observations and electron diffraction (Chapter 5) which 
showed a mixture of halloysite (rolled— up tubes) and kaolinite (plates) in a ratio 
approaching 50:50 (estimated from electron micrographs). Hence, there may be a 
problem of identification of mixtures of halloysite (7A) and kaolinite when X—ray 
diffraction alone is used for identification purposes. This problem was also 
highlighted by Brindley et al. (1963) while Miller and Keller (1963) showed that a 
differentiation can be made by utilising the expansion of all kaolinite group 
minerals in strong potassium acetate solution or by grinding the clay with 
potassium acetate added. The wet, K— acetate treated clay expands to about
1.4nm. The potassium acetate is then removed by washing and without allowing 
the clay to dry, ethylene glycol is added. Kaolinites and die kites return to a 
basal spacing of about 0.71 to 0.72nm after this treatment, but 7A and 10A 
halloysites examined by the authors retained an expanded spacing of 1.04nm to 
1.09nm. Identification by X—ray diffraction supported by electron microscopy,
especially where there is doubt about the exact mineralogy, as was done in the
present investigations may however be an easier and surer alternative. A trace of
muscovite in this sample was indicated by a very small 1 .Onm reflection in the
randomly oriented sample and the reflection became sharper in the oriented, 
heated sample following destruction of the halloysite and kaolinite by heat
treatment.
The traces for Sample 404.08 were quite similar to those for Sample
404.07 with the added observatioon that the 0.719nm (001) and 0.36nm (002)
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reflections were sharper than in the traces for Sample 404.07. The traces were 
also more characteristic of kaolinite than halloysite although transmission electron 
microscopy and electron diffraction showed a mixture of halloysite (tubes) and 
kaolinite (plates) with the kaolinite appearing to be in higher proportion than the 
halloysite in the micrographs. Scanning electron microscopy also showed a similar 
result for the soil. Muscovite was not indicated in the randomly oriented, 
untreated clay but its presence was indicated in the oriented, heated specimen by 
reflections at l.Onm and 0.5nm. Also, the presence of a very small 1.41nm 
spacing in the untreated clay which persisted , unchanged in the glycol treated 
soil indicated the presence of a trace of chlorite in this soil. A small reflection 
at 0.485nm for the untreated sample also suggested the presence of gibbsite in 
the soil and appeared to indicate the more advanced stage of weathering of the 
soil. This result was supported by chemical analysis (Chapter 4) of the clays 
which showed a higher aluminium content for the soil compared to the other 
soils.
K—Feldspar was indicated in Samples 404.05, 404.06 and 404.07, by the 
presence of a 0.324f>npeak, and may have got into the clay fractions of the soil 
through crushing of the softened primary mineral.
From the results of clay mineralogy presented above and summarised in 
Table 6.1, halloysite (7A) was found to be the main clay mineral in the least 
weathered soil (Sample 404.05). This trend continued in the slightly more 
weathered Sample 404.06 and the sample was similar in mineralogy to Sample
404.05. As weathering progressed (Sample 404.07), the soil became dominated by 
a mixture of halloysite and kaolinite with the proportion of kaolinite increasing
relative to halloysite in the most highly weathered residual soil (Sample 404.08). 
Muscovite and quartz were found as minor minerals in all the soils although the
proportion of both minerals decreased with increase in weathering. Chlorite and
gibbsite were identified only in the most highly weathered soil (Sample 404.08).
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6.7.2 Residues from Iron Oxide Concentration Treatments
As was expected, due to the low concentration of the iron oxide minerals 
in the clay fraction of the soil, none of the reflections in the X— ray diffraction 
traces could be safely attributed to any of the iron oxide phases. Since kaolin
type clay minerals were present in the soils, the 0.418nm reflection of halloysite
and kaolinite would coincide with that for goethite and could not be used for 
identification of goethite. All other reflections for iron oxides appeared to be
absent or too weak and in most cases coincided with reflections for the clay 
minerals. X— ray diffraction of particles <1 /mi gave the same problem of
interference from kaolinite minerals due to the fact that the kaolinite minerals 
were in the same size range (as revealed by infrared spectroscopy in Chapter 7).
Slow X— ray scanning over the relevant iron oxide peaks was not helpful due to
interference from the kaolin reflections.
Because of these problems it was decided to concentrate the iron oxides in 
the soil by dissolution of the clay minerals in order to make the X— ray 
diffraction peaks of the iron oxide discernible. The boiling 5M NaOH dissolution 
method and HF dissolution methods were used to achieve this aim. Details of 
the procedures and results of chemical analysis on the residues obtained after the 
treatment on the soil samples are given in Chapter 4. The result of X— ray
diffraction on the residues from NaOH and HF treatments are given below:
(a) X— rav Diffraction of Residues from the Boiling 5 M NaOH
Treatment
The possibility of a change to the form, crystal morphology, crystallinity 
and A1 substitution following boiling 5 M NaOH treatment was investigated by
Kampf and Schwertmann (1982). As a check on the experimental procedures 
used in this study, samples of synthetic ferrihydrite and goethite were used as 
controls for the experiments on the soil samples. In order to provide the
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amount of silicon necessary to prevent changes occuring to these synthetic forms, 
50% by weight of poorly crystallised kaolinite was added to each of the synthetic 
oxides, as recommended by Kampf and Schwertmann (1982), before the NaOH 
treatment. The traces for the treated and untreated synthetic samples (Figure 
6.5) were similar, signifying no significant changes induced to the iron oxide 
minerals as a result of the treatment. Since halloysite and kaolinite were the 
main minerals in the soil samples, it was assumed that these minerals, in addition 
to the free silica present in the soils, will provide the silicon needed to prevent 
changes to the iron oxide minerals in the soil samples.
Figure 6.6 shows the X— ray diffraction traces obtained from the residues 
following treatment with boiling 5 M NaOH. The HF residues gave similar 
traces. It could be seen that the 0.7nm (001) peak of kaolin had completely 
disappeared from the traces (compared to Figure 6.2) thus giving an indication 
that, as expected and in agreement with electron microscopy observations, the 
kaolin (halloysite and kaolinite) particles were effectively dissolved by the NaOH 
treatment. In contrast, the l.Onm (001) and 0.5nm (002) reflections of muscovite 
and the 0.424nm (100) and 0.334nm (101) reflections of quartz persisted and 
were more intense due to the increased concentration of the muscovite and quartz 
particles following dissolution of the kaolinite particles. A similar observation was 
made for muscovite in electron microscopy (Chapter 5). Feldspar peaks could 
also be seen in the traces for the residues of the deeper soils, although these 
peaks decreased progressively up the profile and were barely visible in the traces 
for Samples 404.07 and 404.08. An indication of the dissolution of gibbsite by 
NaOH was given by the absence of the 0.485nm (002) reflection in the trace for 
the residue of Sample 404.08.
The presence of the 0.418nm reflection in all the traces in the absence of 
kaolinite and other minerals with similar reflections suggested that the reflection 
could be assigned to the 0.418nm (110) reflection of goethite. In addition the
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0.269nm (130), and 0.245nm (111) reflections of goethite were clearly discernible 
in all the traces for the soils, although the d(120) reflection at 0.338nm coincided 
with similar reflections for muscovite and quartz in all the samples, and could not 
be adequately determined. None of the reflections in all the traces could be
safely assigned to any of the other iron oxide phases. Figures 6.7 to 6.10 show 
the sections of traces showing the 0.418 (110), 0.269 (130) and 0.245 (111) 
goethite reflections. The increased sharpness of the peaks on passing from 
Sample 404.05 to 404.08 suggested an increase in crystallinity of the goethite
particles as weathering increased.
Table 6.2 gives the reflections for pure (unsubstituted) goethite obtained 
from the Powder Diffraction File and the reflections obtained for the soil 
goethites following NaOH treatment. A comparison of the diffraction spacings 
obtained for the soil goethites with those for unsubstituted goethite (Table 6.2) 
indicated a shift of the soil goethite reflections to lower values in all the samples 
examined. Perhaps due ^  this shift there was no severe interference of the
0.426nm reflection of quartz with the 0.418nm reflection of goethite and an 
accurate determination of the goethite peak was possible. It had been shown by 
several authors (e.g Norrish and Taylor, 1961; Thiel, 1963; Jonas and Solymar, 
1970; Taylor and Schwertmann, 1978; Schwertmann et al; 1979 and Schulze 1984) 
that a shift in the X— ray peak positions of goethite from those given for
unsubstituted goethite in Table 6.2 is normally due to aluminium substitution for 
Fe in the goethite structure, and a detailed review of this was given earlier in 
Section 2.4.3(b). Equations for estimating Al substitution based on the position 
of d ( l l l )  reflection of goethite (Norrish and Taylor, 1961) and based on the c 
dimension (Schulze, 1984) have been given (Equations 2.8 and 2.6 respectively). 
These equations have been used to estimate Al substiution in the soil goethites 
from X— ray diffraction results obtained in this study using the procedure given by 
Schulze (1984) and outlined below.
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The position and width at half peak height (WHH) for the goethite 110 
and 111 lines were measured carefully using sample quartz (20—5|un) as a
standard. The peak positions from which the d — spacings were obtained were
determined from the position of a line which divided the upper 1/3 to 1/2 of
the diffraction peak into two "mirror image" halves. The observed WHHs were 
corrected for instrumental broadening caused by the goniometer by subtracting the 
instrumental WHH from the observed WHH (the procedure for correction for 
instrumental broadening using this method is shown in ^Appendix ). If the 
corrected WHH was greater than 0.6°20, then the line positions were corrected
for shifts caused by the small particle size effect by adding the values from Table
2.4 to the observed line positions (Schulze, 1984). The c — dimension and
aluminium substitution were then calculated from the values of d(110) and d ( l l l )
obtained using equations 2.7 and 2.6 respectively. For estimation of Al
substitution using only d ( l l l ) ,  the value of d ( l l l )  obtained above was used in 
Equation 2.8.
Table 6.3 gives some properties of the goethite particles in the residues 
obtained from X— ray diffraction. Aluminium substitution in the goethites in the 
soils could be seen to increase from 9.42 mole % in the least weathered soil
(404.05) to 15.72 mole % in the most highly weathered soil (404.08) when the c 
dimension (Equation 2.6) was used to estimate aluminium substitution. Values of 
Al substituiton obtained using the d ( l l l ) ,  equation 2.8, were comparable to those 
obtained from using the c dimension.
(b) X—rav Diffraction of Residues from HF Treated Soils.
As a control for the experiments on the soils, synthetic ferrihydrite and 
goethite were added to poorly crystallised Georgia kaolinite and treated with HF. 
Since the iron oxide content of the clay fractions of the soils were found by 
X—ray fluorescence to be about 5% (see Table 4.3), in order to represent the
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soil conditions as much as possible it was decided to use a mixture of 5% of 
each of the synthetic oxides to 95% poorly crystalised Georgia kaolinite for 
control.
No residue was obtained from the mixture of synthetic ferrihydrite and 
kaolinite following HF treatment signifying a complete dissolution of the
ferrihydrite as well as the kaolinite particles by HF. In contrast, the goethite 
particles were resistant to attack by HF. A comparison of the traces obtained 
for the untreated and treated samples for goethite showed them to be similar, 
thus indicating no significant changes to the goethite as a result of HF treatment.
The traces obtained from the residues from the HF treated soils were 
similar to those of the NaOH residues shown in Figure 6.6. As was the case 
with the NaOH treatment the HF treatment was very effective in the dissolution 
of halloysite, kaolinite and gibbsite, but goethite, muscovite, feldpars and quartz 
were resistant to attack. Again, some of the goethite reflections were quite 
distinct and the peaks that could be assigned to goethite in the HF residue were 
similar to those given for goethite in the NaOH residues (Table 6.2) for each 
soil. The traces of the sections showing the d(110), d(130) and d ( l l l )  of 
goethite obtained from the HF treated residues are also shown in Figures 6.7 to 
6.10. The traces gave a similar increase in sharpness of the peaks on passing 
from sample 404.05 to 404.08 (suggesting an increase in crystallinity of the
goethite particles in this direction) as was observed for the NaOH samples. 
Similarly a shift in the diffraction peaks from those given for unsubstituted 
goethite in Table 6.2 was indicated and Al substitution was estimated as outlined 
for the NaOH residues in Section 6.7.2 (a). Table 6.4 gives some properties of 
the goethite particles in the soils obtained from X— ray diffraction of residues
from the HF treatment. Comparison of this table with Table 6.3, for the NaOH
treated soil residue showed the goethite in the residues from both treatments to 
have similar structural properties and aluminium substitution. Except both NaOH
236
C h a p t e r  6:  X - r a y  D i f f r a c t i o n
and HF treatments have affected the properties in the same way, this observation 
would appear to suggest that the NaOH treatment has not adversely affected the
c -  dimension and Al substitution of the soil goethites.
Synthesis studies (Thiel, 1963; Schulze, 1984) and results of determination 
of Al substitution of large number of soil goethites from different parts of the
world (see Schwertmann, 1987b for a review) have suggested that the range of 
aluminium substitution in goethites can be between 0 and 33 mole %, i.e;
maximally every third Fe atom may be replaced by aluminium. Low substitution 
prevails in weakly acid soils and in hydromorphic environments, while substitution 
above 10 to 15 mole % is usually found in goethites from highly weathered soils 
of tropical and subtropical soils. Fitzpatrick and Schwertmann (1982) reported 
values of aluminium substitution of between 15 and 30 mole % for goethite in 
highly weathered strongly acid soils and gibbsitic saprolites in Natal, South Africa 
while Schwertmann and Kampf (1985) found values of 33 to 36 mole % for
goethite in highly weathered kaolinitic soils from central Brazil. Although the
amount of aluminium substitution found for the soils in this investigation (about
10% to 16%) agrees with those found in soils and falls within the range for
highly weathered subtropical and tropical soils, no previous determination of
aluminium substitution of goethites from young subtropical soils like those in this 
study appeared to be available. An aluminium substitution of about 10% found 
for the least weathered soil (404.05), where some of the primary minerals were
still intact (see Chapter 3 for description), which increased to about 16% in the 
most weathered soil appeared to suggest that aluminium substitution in the
goethite particles began early in their formation and may be due to the
availability of aluminium, to the iron oxides, in the soil system during the early 
stages of formation. Several studies on synthetic systems (e.g Jonas and Solymar, 
1970 and Lewis and Schwertmann, 1979) have shown that this may have an effect 
on the formation and properties of the soil iron oxides. Lewis and Schwertmann
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(1979) synthesised Al—goethites from Al—ferrihydrite system and found, amongst 
other things, that the rate of conversion of the Al— ferrihydrite to a crystalline 
product decreased as the Al concentration increased. Since, as stated in Chapter 
5, ferrihydrite was found in Sample 404.05 by electron microscopy, and was 
indicated in Samples 404.06 and 404.07 by acid oxalate treatment (see Chapter 
4), it is possible that the presence of Al in the system was partly or wholy 
responsible for inhibiting the crystallisation of ferrihydrite to other crystalline 
products in these soils. Due to the small amount of the ferrihydrite in the soils, 
an analysis of the ferrihydite for its Al content was not possible for confirmation 
of this suggestion, and, as mentioned earlier in Chapter 4, the presence of 
organic carbon in the soils (albeit in very small quantities) and silica (e.g quartz, 
indicated in X— ray diffraction of the clay fraction of the soils) can also produce 
the same effect. A combination of all three factors is likely in the present case.
As reported earlier, the Al substitution estimated from the c— dimension 
and from d ( l l l )  gave similar values. Previous studies on the determination of Al 
substitution from both methods (reviewed in Chapter 2) have however suggested 
that Al substitution determined from the c— dimension is more reliable. Schulze 
(1984) reported that the poor dependency of the d ( l l l )  line position on Al 
substitution is due to the variability of the a— dimension which contributes to the 
d ( l l l )  line. The variability in the a—dimension has been explained to be, 
probably, as a result of structural defects in the goethite crystal (Schulze, 1984). 
It is possible that the agreement obtained in using both methods in the present 
investigation is a suggestion that structural defect in the soil goethites was 
minimal, and so did not have any significant effect on the d ( l l l )  line.
The gradual increase in Al substitution from the least weathered soil
(404.05) to the most weathered soil (404.08), obtained in this study, is in 
agreement with earlier works by Fitzpatrick and Schwertmann (1982) and Kampf 
and Schwertmann (1985). As was the case with the results of Kampf and
238
C h a p t e r  6:  X - r a y  D i f f r a c t i o n
Schwertmann (1985), the goethite with the highest Al substiution was found in 
association with gibbsite in Sample 404.08. According to the authors, this does 
not necessarily mean that gibbsite acts as a source of aluminium for goethite, but 
more likely indicates that both gibbsite and highly substituted Al— goethite 
characterise a pedogenic environment of strong desilification where aluminium 
activity is high and both gibbsite and goethite compete for aluminium. The 
results obtained in this study appeared to support the suggestion that Al 
substitution in the iron oxide crystal could serve as an indicator of the weathering 
state of the soil material (Fitzpatrick and Schwertmann, 1982).
6.8 SUMMARY
Some of the important findings of the study in this chapter are listed
below.
6 . 8 . 1  C lav M ineralogy
(1 ) In  l in e  w ith  th e  r e s u l t s  o f  e l e c t r o n  m ic ro sc o p y , X -ray  
a n a ly s i s  s u g g e s te d  h a l l o y s i t e  to  be th e  m ain m in e ra l in  
th e  d e e p e r  Sam ples 404 .05  and 4 0 4 .0 6 . As w e a th e r in g  
in c re a s e d  in  Samples 404 .07  and 4 0 4 .0 8 , th e  c l a y  
m in e r a l o g y  became a m ix tu re  o f  h a l l o y s i t e  and k a o l i n i t e  
w i t h  t h e  p r o p o r t i o n  o f  k a o l i n i t e  i n c r e a s i n g  p r o g r e s s i v e l y  
u n t i l  k a o l i n i t e  became th e  dom inant m in e r a l  i n  t h e  
Sample 404 .08 .
(2)  The d i f f i c u l t y  i n  c o r r e c t l y  a n a l y s i n g  X -ray  d i f f r a c t i o n  
t r a c e s  o f  m ix t u re s  o f  h a l l o y s i t e  and k a o l i n i t e  has  been  
h i g h l i g h t e d  and c o m bina t ion  o f  X -ray  a n a l y s i s  and e l e c t r o n  
m ic ro sc opy  was employed t o  overcom e t h i s  prob lem.
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( 3 )  Muscovi te  was i n d i c a t e d  as  a minor c o n s t i t u e n t  o f  a l l  t h e  
s o i l s ,  w i th  the  p r o p o r t i o n  o f  m usc ov i te  d e c r e a s i n g  
p r o g r e s s i v e l y  w i th  i n c r e a s i n g  w e a t h e r i n g .
(4) Both c h l o r i t e  and g i b b s i t e  were i n d i c a t e d  i n  t h e  most 
w e a th e r e d  s o i l  (Sample 4 0 4 .0 8 ) .
6 . 8 . 2  I r o n  Oxide M inera logy
(1)  X - ray  d i f f r a c t i o n  a n a l y s i s  showed t h a t  b o t h  5M NaOH 
t r e a t m e n t  and HF t r e a tm e n t  l e d  t o  a c o n c e n t r a t i o n  o f  i r o n  
o x i d e s  in  the  s o i l s  by d i s s o l v i n g  the  h a l l o y s i t e  and 
k a o l i n i t e  m i n e r a l s .  Both m uscov i te  and c h l o r i t e  were 
however r e s i s t a n t  to  a t t a c k  by b o th  t r e a t m e n t s .
(2) G o e t h i t e  was i n d i c a t e d  in  a l l  t h e  s o i l s .  F e r r i h y d r i t e  was 
no t  i n d i c a t e d  in  any o f  the  s o i l s  by X -ray  d i f f r a c t i o n ,  
most p r o b a b l y  due to  t h e  smal l  q u a n t i t y  o f  t h e  m in e r a l  in  
t h e  s o i l s  in  which i t  was e a r l i e r  s u g g e s t e d  by s e l e c t i v e  
d i s s o l u t i o n  (Chap te r  4) and e l e c t r o n  m ic ro sc opy  
(C h a p te r  5 ) .
(3)  X - r a y  d i f f r a c t i o n  s u g g e s t e d  an i n c r e a s e  i n  c r y s t a l  1 i n i t y  
o f  t h e  g o e t h i t e  c r y s t a l s  w i t h  i n c r e a s e d  w e a t h e r i n g  o f  the  
s o i I s .
(4)  A s h i f t  i n  X -ray  d i f f r a c t i o n  peak  p o s i t i o n s  f o r  t h e  s o i l  
g o e t h i t e s  in  a l l  t he  samples  , f rom s t a n d a r d  d i f f r a c t i o n  
peaks fo r  u n s u b s t i t u t e d  g o e t h i t e s ,  s u g g e s t e d  Al 
s u b s t i t u t i o n  f o r  Fe in  t h e  s o i l  g o e t h i t e s .
(5)  Al s u b s t i t u t i o n  o f  9 .4 2  mole% found f o r  t h e  l e s s  
w e a th e r e d ,  r e l a t i v e l y  young g r a n i t i c  s o i l  may be 
c o n s i d e r e d  to  be h igh  and a p p e a r e d  t o  i n d i c a t e  Al
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a v a i l a b i l i t y  to  the  i r o n  o x ides  a t  t h e  e a r l y  s t a g e s  o f  
f o r m a t i o n  which may have promoted the  f o r m a t i o n  o f  
f e r r i h y d r i t e  in  the  s o i l s .  The h i g h e s t  Al s u b s t i t u t i o n  o f  
15 .72  mole°/o found f o r  the  g o e t h i t e  p a r t i c l e s  in  t h e  most 
w e a th e r e d  s o i l ,  where g i b b s s i t e  was e a r l i e r  i d e n t i f i e d ,  i s  
in  l i n e  w i th  r e s u l t s  o f  p r e v i o u s  i n v e s t i g a t i o n s .
(6)  The f a c t  t h a t  s i m i l a r  Al s u b s t i t u t i o n s  were o b t a i n e d  from 
u s i n g  the  c -  dimens ion  and d ( l l l )  may su g g e s t minimal 
c r y s t a l  d e f e c t s  in  t h e  g o e t h i t e  c r y s t a l s .
(7)  The s t u d y  has s u p p o r t e d  p r e v i o u s  s u g g e s t i o n s  t h a t  Al 
s u b s t i t u t i o n  in  s o i l  i r o n  ox ide  may a c t  as  an i n d i c a t o r  o f  
the  w e a t h e r in g  s t a t e  o f  the s o i l  m a t e r i a l .
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T a b le  6 .1  Summary o f  M inera logy  from X -ray  D i f f r a c t i o n
MINERALS
Sample Major Minor T race
404 .08  H a l l o y s i t e /  Muscovi te  C h l o r i t e ,
K a o l i n i t e  G i b b s i t e
Q u a r tz
4 04 .07  H a l l o y s i t e /  Muscovi te
K -F e ld sp a r
Q uar tz
404 .06  H a l l o y s i t e  Muscovi te
K - f e l d s p a r  
Q uar tz
404 .05  H a l l o y s i t e  Muscovi te
K - f e l d s p a r
Q ua r tz
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Tab le  6 . 2 :  Comparison o f  D i f f r a c t i o n  Spac in gs  f o r  U n s u b s t i t u t e d
G o e t h i t e  and Spac ings  o b t a i n e d  from 5 M B o i l i n g  NaOH 
Treatment  R e s id u es .
*U nsubst i t u t e d  
G o e t h i t e
404.05
SPACINGS (nm) 
404 .06 404 .07 404 .08 ( h k l )
0 .4179 0.41702 0.41685 0.41685 0.41602 110
0 .2692 0.26816 0.26829 0.26849 0.26816 130
0.2582 - - - 0 . 25064(?) 021
0.2448 0.24397 0.24370 0.24343 0.24320 111
0.2189 - - 0 .21946 0.21773 140
0.1801 - - - 0 .17930 211
0 .17186 - - 0 .17107 0 .17107 221
0.16899 - - 0 .16717 - 240
* D ata  f rom Powder D i f f r a c t i o n  P a t t e r n  
(? )  D oub t fu l  s p a c i n g
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F i g u r e  6 .1 :  X -ray  d i f f r a c t i o n  from c r y s t a l  p l a n e s
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0 . 7 2  (H,K)
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F i g u r e  6 .2 :  X - ray  d i f f r a c t i o n  t r a c e s  o f  u n t r e a t e d  c l a y  samples
(C = c h l o r i t e ,  M -  mica, Ci = g i b b s i t e ,  H = h a l l o y s i t e ,
K = k a o l i n i t e ,  F = f e l d s p a r ,  Q == q u a r t z ) .  Spac ings  in  nm.
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2 h r s . (C = c h l o r i t e ,  M = m ic a , F = f e l d s p a r ,  Q = q u a r t z ) .  
S p a c in g s  in  nm.
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CHAPTER 7
INFRARED SPECTROSCOPY AND DIFFERENTIAL SCANNING 
CALORIMETRY
7.1 INTRODUCTION
This chapter presents the infrared spectroscopy and differential scanning 
calorimetry investigations done on the soils. A  brief introduction of the 
techniques is given in Section 7.2. Section 7.3 presents the experim ental methods 
used, and Section 7.4 presents the results obtained from the investigation.
Infrared spectroscopy (IR) and differential scanning calorimetry have been 
used in this investigation as techniques for identification and characterisation of 
the minerals in the soils. Infrared spectroscopy is useful in the identification of 
poorly crystalline minerals (e .g  ferrihydrite) which are often more difficult to 
identify by X— ray diffraction. Many aspects of the mineralogy of the clays 
presented in this chapter complement those already presented for electron  
m icroscopy (Chapter 5) and X— ray diffraction (Chapter 6) and a detailed 
treatment is not given here unless necessary.
7.2 GENERAL
Infrared spectroscopy is a useful tool for the solution of problem having to 
do with molecular structure, molecular behaviour, and the identification of 
unknown substances and mixtures. Materials absorb infrared radiation, and, given 
a specific molecular structure, it is possible to calculate the frequencies at which
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infrared radiation will be absorbed by the molecule of a material. An infrared 
spectrum is simply a plot, often obtained automatically, of a function of radian 
power (energy) along the ordinate versus frequency or wavelength as abscissa. 
Com m only one plots transmittance (%T) or absorbance (A) of radiation versus 
cm- 1 or fi. The major interest is in those frequencies at which a material 
absorbs radiation and the amount absorbed. These absorption "peaks" or minima 
give rise to the uniqueness of the absorption spectra of different materials. For 
simple identification purposes, the spectra obtained are often compared with 
standard spectra of known substances.
The theory and applications of infrared spectroscopy were adequately 
covered by Farmer (1974) and Russell (1987) and the method has been used for 
the characterisation of different iron oxide minerals (e .g  Jonas and Solymar, 1970; 
Chukhrov et al; 1971, 1972, 1973; Schwertmann and Fischer, 1973; Carlson and 
Schwertmann, 1980, 1981; Russell, 1979; Wilson et al; 1981, Fey and Dixon, 
1981, Fysh and Fredericks, 1983; Goodman et al; 1988, and Carlson and
Schwertmann, 1990 amongst many others).
Differential scanning calorimetry (DSC) is a thermoanalytical method, 
similar to differential thermal analysis (D T A ), (the similarities and differences 
between the two methods were discussed by Mackenzie, 1980). The technique 
em ploys the difference in thermal propeties between materials to identify and
characterise different materials. The physical parameter measured in DSC is the 
difference in energy inputs into the sample and reference material, when both are 
subjected to a controlled temperature programme (M ackenzie, 1980; and Paterson 
and Swaffield, 1987). In the case of the h e a t - f lo w  method produced by Du  
Pont and used in this study, there exists a well— defined heat— exchange path 
between the sample, the reference material and the heat source. Thus any
imbalance in the system, caused by the absorption or evolution of heat by the
sam ple, is countered by conductive heat flow through this w e ll-  defined path
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(Paterson and Swaffield, 1987). Thermoanalytical methods are familiar methods in 
clay mineralogy and the topic was adequately covered in Mackenzie (1970) and 
Paterson and Swaffield (1987).
7.3 EXPERIMENTAL METHODS
7.3.1 Infrared Spectroscopy
Infrared spectroscopy was carried out on untreated clay fraction (<2/an) of 
the sample as well as residues obtained from the 5 M NaOH, HF, dithionite 
citrate bicarbonate (DCB) and acid oxalate treatments of the clay fractions as 
outlined in Chapter 4.
To reduce particle size, the samples were preground by maintaining them  
moist with isopropyl alcohol and hand grinding in an agate mortar and pestle for 
1 - 5  minutes. The alcohol was allowed to evaporate com pletely before 
proceeding further. 2 mg of the preground material and 170 mg potassium  
bromide were thoroughly mixed for 2 minutes in a vibrating stainless— steel 
capsule containing three ball bearings, 2 - 3.5m m  diameter. The mixture was then
pressed in an evacuated die to give a 13 mm diameter disc which was used for
testing. Infrared spectra were recorded over the range 4000 to 250 cm ~  * on a 
Perkin Elmer 580B spectrometer at room temperature and after heating the disc 
to 150°C  for 16 hours (allowed to cool in a dessicator) to rem ove adsorbed 
water. The discs were then diluted by a factor of 1 to 8 (equivalent to 0.25m g
sample in disc) to show spectra detail of intense silicate absorption near 1000
cm ~  *.
7.3.2 Differential Scanning Calorimetry
The soil samples were equilibrated at a relative humidity of 56% , using 
M gOH, for at least 4 days prior to testing. The heat—flux differential scanning
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calorimetry (DSC) curves were obtained using a Du Pont 900 Differential Thermal 
Analyzer equipped with a Du Pont 900 DSC cell. 10 mg samples were used at 
a heating rate of 1 0 °C per minute, a AT sensitivity of 0 .5 °C per inch and a T
axis sensitivity of 100°C  per inch. The atmosphere used was nitrogen flowing at
50 c m 3 per minute.
7.4 RESULTS
7.4.1 Infrared Spectroscopy
The infrared spectra of the untreated clay fraction (<2/un) of the soils are 
shown in Figure 7 .1 . The summary of the mineralogical contents of the soils 
based on the interpretation of the spectra is given in Table 7 .1 . As was the
case with X— ray diffraction and electron microscopy observation of the soils, 
kaolin type minerals was indicated in the soils by infrared absorption bands at
about 3700 and 3620cm— 1. These are characteristic O H  stretching bands for 
kaolin minerals. Similarly, the bands at about 938 and 916cm —  ^ are typical OH  
deformation bands for the kaolin type minerals (Russell, 1987). Comparison of 
the positions and character of the OH stretching bands at about 3700 and 3620 
cm-  * with standard kaolin charts (e .g  see Russell, 1987) indicated the kaolin to 
be halloysite or kaolinite in the samples rather than any of the rarer kaolin, 
dickite and nacrite. In most cases, for pure kaolinite the bands are often sharper 
and the band at 3700cm-  * is often more intense than that at 3620cm — 1 whereas 
for halloysite the opposite is the case. Also, for kaolinite, small absorption bands 
between 3700 and 3 6 2 0 cm ~ l (at 3669 and/or 3653cm — *) may be evident. To 
distinguish between well crystallised kaolinite and halloysite, the two bands 795 
and 758cm — * could be used. For well crystallised kaolinite the two bands are of 
equal intensity whereas for halloysite the 795cm — * band is reduced to a very 
weak inflection (Russell, 1987). An examination of the bands for Samples 404.05
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and 404.06 in Figure 7.1 indicated halloysite to be the predominant mineral in 
these soils. The presence of a very weak band at about 3669cm — 1 indicated the 
presence of a very minor amount of kaolinite in Sample 404.06. In the case of 
Samples 404.07 and 404.08, the intensity of the 795cm — 1 band could be seen to 
increase slightly compared to the previous samples. In addition, for these two 
soils, the intensity of the band at 3700cm-  1 increased slightly over that at
caC '  cavT *
3620cm — 1 and the presence of very small bands at 3669^ and 3 6 5 2 / was clearly
evident. All these appeared to indicate kaolinite in association with halloysite in
these samples. Electron microscopy (Chapter 5) showed a mixture of kaolinite
S
and halloysite for Samples 404.05 in line with infrared spectrqfcopic observations. 
The spectra also indicated an increase in the proportion of kaolinite and a 
decrease in that of halloysite on passing from Sample 404.05 to 404.08 in line 
with results obtained from electron microscopy and X— ray diffraction. On 
comparison with standard spectra, the kaolinite looks well crystallised as indicated 
by the two bands at 3669 and 3653cm— 1 that is typical for well crystallised 
kaolinite. A  disordered kaolinite will normally have just the band at 3653cm — 1 
(see Russell, 1987). Judging from the shape and position of S i-O  bands near 
1100 cm - 1 (using spectra from the diluted samples, not shown here) the particle 
size of the kaolinite is small (less than 1 jum) compared with the halloysite 
(Farmer and Russell; 1964, 1966; and private communication with Russell and 
Fraser, 1990). According to Farmer and Russell (1964), the position and 
sharpness of the absorption near 11 OOcrn- 1 varies with physical state for layer 
silicates. In the spectra for dickite, nacrite and kaolinite of size <2/on this band 
appears as a broad shoulder near 1080cm-  *. The band intensifies, and shifts to 
higher frequencies in the spectra of smaller crystals until in very finely ground 
material when the band is close to that found for clay size particles, <2 ^m 
(Farmer and Russell, 1964). In the present case, for Sample 404.08, where the 
band was most clear, a very sharp band at 1110cm - 1  indicated the small size of
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the kaolinite. This observation was supported by sedimentation analysis (see 
Chapter 3) which showed about 80% of the clay to have size less than 1 /im.
The presence of a weak shoulder at about 3630cm - 1 in the infrared 
spectra (Figure 7.1) suggested the presence of mica (either 2M1 illite or 2M1 
m uscovite, but as suggested earlier in Chapter 6 the mica was probably the 
remnant of the muscovite which was present in the original rock) in all the soils. 
This band is much more intense in the NaOH and HF treated soils (Figures 7.3  
and 7 .4  respectively), following dissolution of the kaolin. The band got weaker 
on passing from 404.05 to 404.08 suggesting a decrease in the proportion of mica 
in the soils in this direction. Other minerals identified in the samples in minor 
or trace quantities were chlorite, quartz and feldspar as indicated in Tables 7.1 to 
7.3 .
As was found by X—ray diffraction (Chapter 6), the presence of gibbsite 
in sample 404.08 was indicated in infrared spectroscopy by bands at 3460 cm -  1 
and 3530cm - 1  of the infrared spectra of the sample (Fig. 7 .1 ). These bands
were absent in the spectra for the other soils and indicated the more advanced
weathering of this soil. Since ferrihydrite was indicated in som e of the soil 
samples (see Chapters 4 and 5), the role of organic matter and other ions in 
inhibiting crystallisation of iron oxides in the soils was of interest. However no 
indication of organic matter, to any detectable limit, was given by infrared 
spectroscopy in any of the soils.
G oethite appeared to be the only iron oxide mineral indicated (in minor 
amounts) in all the untreated samples. Normally, for pure, synthetic goethite, 
main infrared absorption bands are expected at around 3153cm - 1 , 893cm —^  
794cm — 1 , 667cm— 1 , 633cm— 1 » 495cm— 1 , 455cm — 1 , 409cm — 1 , 377cm — 1 , and 
276cm - 1  (See Russell, 1987). In this case, the band at about 3160 cm - 1
wavelength was assigned to the OH stretching ( i»OH) of goethite, and this was
confirmed from difference with the spectra obtained from the dithionite citrate
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bicarbornate (DCB) treatment residues (from which iron oxide had been dissolved) 
shown in Figure 7.2 . A  comparison of the spectra in Fig. 7.1 with those in Fig.
7.2 showed the bands at about 3160 cm -  ^ to be absent from the spectra in Fig.
7 .2  following dissolution of the iron oxide minerals. The usual goethite bands at 
about 900 cm * ( SOH) and 800 cm-  * (7O H ), due to OH bending, could not
be used for goethite identification and characterisation in this case as they were
made obscured by the bands from the clay silicates, and, due to the fact that the 
goethite was present in minor amounts in the soils, a difference spectra from the 
untreated and DCB spectra was not helpful. An estimation of the area enclosed  
by the goethite band at about 3160 cm - 1 for all the samples showed the amount 
of goethite in the samples to increase progressivelly with increased weathering i.e  
from sample 404.05 to 404.08. Due to the poor resolution of the OH stretching 
bands at about 3160 cm ~ * it was not possible to determine the character of the 
band in Fig. 7 .1 .
In order to obtain improved infrared spectra for the iron oxide minerals, 
infrared spectroscopy was performed on residues obtained from iron oxide
concentration treatments using 5 M NaOH and HF outlined in Chapter3 and 
discussed in Chapter 4.
Figures 7.3 and 7.4 show the infrared spectra for the residues obtained 
from the NaOH and HF treatments respectively. The summary of the mineralogy 
of the residues are given in Tables 7 .2  and 7.3 for the NaOH and HF residues 
respectively. Comparison of Tables 7 .2  and 7.3 with Table 7.1 for the untreated 
samples showed that halloysite and kaolinite were no longer major minerals in the 
treated samples, having been dissolved by the treatments to concentrate iron 
oxides. Mica and goethite, on the other hand, were concentrated by both
treatments and had become the major minerals in the residues following the 
treatments. Both 5 M NaOH and HF treatments appeared to have concentrated 
the same minerals in the soils in agreement with results obtained from X—ray
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diffraction.
It could be seen from Figures 7.3 and 7.4 that the absorption bands due 
to OH stretching (vO H ) of goethite (between 3100 and 3200 cm -  *) are sharper 
and larger, due to the increased concentration of goethite in the residues, 
compared to the untreated samples (Figure 7.1). However the OH bending 
absorption bands of goethite, usually expected around 800 and around 900 crn” ^, 
were still not clearly discernible due to interference from bands from mica in the 
same region. Since these bands are very important to the character of the 
goethite particles especially with regard to aluminium substitution (Jonas and 
Solymar, 1970; Fysh and Fredericks, 1983, Schulze and Schwertmann, 1984, 1987) 
attempts were made to make them more discernible by subtracting the DCB 
spectra (Fig. 7.2) from the spectra in Figures 7.3 and 7 .4  (to leave a difference 
spectra showing, mainly, goethite absorption bands) but these were unsuccessful, 
perhaps due to poor matching between the DCB spectra and those for the NaOH  
and HF residues which produced negative bands in the difference spectra around 
the relevant region.
The band positions for the OH stretching (between 3100 and 3200 cm “ )^ 
o f goethite are shown in Figures 7.3 and 7.4 for the different soils and tended, 
in both cases, to indicate a shift to lower values in passing from sample 404.05  
to 404.08, although the positions for the 404.06 and 404.07 soils were the same 
in both cases. Since the mica absorption bands (e .g  at 3630cm ~ 1) which were 
used as a form of internal standard were not similarly shifted from soil to soil 
the shifts described above for goethite appeared to be real and represented a 
difference of as much as 15 cm -  * and 34 cm -  * between samples 404.05 and 
404.06/404.07 and samples 404.05 and 404.08 respectively.
The shift in the OH stretching bands ( pOH) described above may be due 
to differences in structural aspects in the goethite particles between the soils. An 
increase in absorption frequency in the infrared spectroscopy signifies a decrease
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in bond strength and is occasioned by a longer bond length. One major factor 
that has been reported to lead to shifts in the infrared absorption bands of
goethites is aluminium substitution (e.g  Jonas and Solymar, 1970; Fey and Dixon, 
1981; Fysh and Fredericks, 1983, Schulze and Schwertmann, 1984, 1987). All 
these authors have reported that the OH bending bands near 900 cm -   ^ ( 50H ) 
and 800 cm- 1 ( -yOH) exhibited the greatest aluminium dependency which was
indicated by a shift in both band positions to higher wave numbers with 
increasing aluminium substitution for iron in the goethite structure. Such a 
relationship between aluminium substitution and i^OH has not been well 
established. Schulze and Schwertmann (1984) using synthetic aluminuos goethites 
produced by a variety of procedures reported that the OH stretching band 
position ( i'OH) showed a general shift to higher wavenumbers with increasing
aluminium substitution but with a correlation coefficient (r) of 0 .62 , the 
relationship was not particularly good and even goethites with no Al substitution 
showed about an 80 cm- 1 spread in cOH frequency. M endelovici et al (1979), 
on the properties of aluminium— bearing soil goethites, also found a shift in ^OH 
to higher wavenumbers with increasing Al substitution which they attributed to a 
weakening of the hydrogen bond caused by a higher screening effect in Al—O —H  
groups compared to similar Fe— O— H groups, but Schulze and Schwertmann 
(1984) are of the opinion that such a weakening of the H— bond by the ionic 
substitution of Al for Fe is unlikely. Fey and Dixon (1981) reported that pOH  
becam e broader but did not change frequency with aluminium substitution.
Schulze and Schwertmann (1984) showed that increased structural defects in the 
goethite particles may shift rOH to higher values in aluminous goethites 
synthesised at temperatures 2 5 °C -  7 0 °C. They stated that the combined effect 
of Al substitution and structural defect could lead to an overall weakening of the 
H -  bond and consequent shift of the ^OH band to higher values. Results 
presented by Schulze and Schwertmann (1987) also appeared to show this
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com bined effect to favour a shift to higher wavenumbers of the pOH  band. 
Schwertmann et al. (1985), using goethites synthesised at varying temperatures 
between 4°C  and 9 0 °C, also reported that the rOH positions of goethites shifted 
to lower wavenumbers with increase in crystallinity.
In the present case, the shift in ^OH observed represented a shift to 
lower wavenumbers with increasing Al substitution (reported in Chapter 6). Table
7 .4  shows Al substitution and pOH  values for the soil goethites after NaOH and 
HF treatments respectively. The decrease of the ^OH band position to lower 
wavenumbers with increasing Al substitution is what can be expected from a 
comparison between goethite and diaspore (A lO O H ), the Al isomorph of goethite. 
In goethite the O j - O j j  distance is 0.2757 nm and the angle O j - O j j - H  is 11.6°  
(from  data reported by Forsyth et al; 1968 and Sampson, 1969), while in 
diaspore they are 0.2650 nm and 12.1° (Busing and Levy, 1958). The O jj—H 
distance is 0.099 nm in each case. The ^OH band positions are £3131 cm ”  1 in 
goethite and £2950 cm ”  * in diaspore (Schwarzmann and Sparr, 1969). The 
shorter O j - O j j  distance in diaspore gives rise to a stronger H— bond in diaspore 
than in goethite, which is indicated by a lower wavenumber of the pO H  band. 
The slightly smaller O j j - O j j - H  angle in goethite should increase the strength of 
the H—bond slightly (Schwarzmann and Sparr, 1969) but the increase is not 
enough to compensate for the change in bond strength caused by the differences 
in O j—O jj  distances. For increasing ionic substitution of Al for Fe in the 
goethite structure one would expect a steady increase in H— bond strength and a 
corresponding decrease in pOH  band position as was observed in this study. Due 
to the limited number of samples used in the present investigation, it was not 
possible to establish a definite relationship between Al substitution and pO H , but 
a trend appeared to have been shown.
Also, since the crystallinity of the goethite particles in this investigation  
increased in the same direction as aluminium substitution (as revealed by X -r a y
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diffraction) the combined effect of Al substitution and increasing crystallinity
would be a shift of cOH to lower values. The separate effect of increasing 
crystallinity in causing a shift of pOH  to lower values could not be assessed in 
the present circumstances. In the light of the results of this investigation and 
those by previous authors, it is possible that several factors may be responsible
for the infrared OH stretching band position of goethite, and that the shift of the 
band position may be dictated by the dominating factors.
A  comparison of Figures 7.3 and 7.4 revealed two points. Firstly, the the 
positions of the goethite »>OH band between 3100 cm - 1 and 3200 cm - 1 for 
each soil were about the same in both cases. This may be a support for the 
results of X— ray diffraction (Chapter 6) which showed the diffraction 
characteristics of the iron oxides obtained from both methods to be similar, thus 
reinforcing the observation that the 5 M NaOH treatment may not have altered
the properties of the goethite in the soils significantly. Secondly, the size of the 
peaks in the spectra for the HF treated samples were generally smaller than those 
for the NaOH treated samples for samples 404.05, 404.06 and 404.07. Values of 
the ratio goethite :mica showed higher values in NaOH residues compared to those 
in HF residues (20 to 200% greater) for these soils, but the values for the ratio
in residues for sample 404.08 were about the same for both treatments. This
observation indicates the presence of poorly crystalline iron oxides in samples
404.05, 404.06 and 404.07. The possibilities are that poorly crystalline goethite 
in these soils were dissolved by HF treatment, or a poorly crystalline phase,
probably ferrihydrite, was converted to goethite by the 5 M NaOH treatment (e .g
see Goodm an et al; 1987). If the second possibility was the case, other results 
obtained in the cause of the investigation would appear to suggest that the 
properties of the newly formed goethites did not affect the overall properties of 
the goethite in the soils.
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7 .4 .2  D ifferential Scanning Calorimetry
The differential scanning calorimetry (DSC) curves obtained for the 
untreated clays, and residues from 5 M NaOH treatments are shown in Figures
7 .5 , and 7 .6  respectively. It was not possible to carry out DSC on HF residues 
due to shortage of samples. For the untreated clays, only one large endothermic 
peak at about 530 °C, belonging to the dehydroxylation of kaolin 
(halloysite/kaolinite) was obvious in the curves for Samples 404.05, 404.06 and 
404.07. In the case of Sample 404.08, an additional, small endothermic peak at 
about 285 °C indicated the presence of gibbsite in the soil. On concentration of 
the iron oxide minerals with NaOH (Figure 7.6) the DSC curves for each of the 
soils showed one endothermic peak which could be assigned to the 
dehydroxylation peak of goethite. A  small but consistent shift of this peak to 
higher temperature could be observed on passing from sample 404.05 to 404.08 in 
Fig. 7 .6 . As shown by previous studies by several authors, the dehydroxylation 
peak o f goethite can be influenced by Al substitution (Jonas and Solymar, 1970; 
Fey and D ixon, 1981, Schulze and Schwertmann, 1984, 1987), particle size, and 
by structural defects and crystallinity (M ackenzie, 1957 and Mackenzie and 
Berggren, 1970). Increased Al substitution was found to lead to an increase in 
the dehydroxylation temperature and this is consistent with the increased thermal 
stability of goethite as Al substitution increases (Schulze and Schwertmann, 1984). 
Coarser samples and more crystalline samples also give higher dehydroxylation 
temperatures (M ackenzie, 1957).
In agreement with previous works, the increase in the dehydroxylation 
temperature of goethite on passing from sample 404.05 to 404.08 observed in this 
study may be attributed to the combined effects of increased aluminium  
substitution, increased particle size and increased crystallinity from Sample 404.05  
to 404.08 as was observed by electron microscopy and X -  ray diffraction.
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7 .5  SUMMARY
Some o f  th e  im p o rta n t f in d in g s  o f  th e  s t u d y  in  t h i s  c h a p te r  
a r e  l i s t e d  b e lo w .
7 . 5 . 1  C la v  M in e r a lo g y
( 1 )  In  l i n e  w ith  th e  r e s u l t s  o f  e l e c t r o n  m ic r o s c o p y  and X -r a y  
a n a l y s i s  in f r a r e d  s p e c t r o s c o p y  and DSC c o n f ir m e d  th e  m ain  
w e a th e r in g  p r o d u c ts  o f  th e  Hong Kong g r a n i t e s  t o  be  
h a l l o y s i t e  i n  t h e  d e e p e r  s o i l s .  T h i s  was l a t e r  m i x e d  w i t h  
k a o l i n i t e  a s  w e a t h e r i n g  p r o g r e s s e d  w i t h  t h e  p r o p o r t i o n  o f  
k a o l i n i t e  i n  t h e  s o i l s  i n c r e a s i n g  w i t h  p r o g r e s s i v e  
i n c r e a s e  i n  w e a t h e r i n g .
( 2 )  I n f r a r e d  s p e c t r o s c o p y  r e v e a l e d  t h e  k a o l i n i t e  t o  be o f  
s m a l l  p a r t i c l e  s i z e  ( o f t e n  <l/im ) in  l i n e  w i t h  
o b s e r v a t i o n s  from p a r t i c l e  s i z e  a n a l y s i s .
( 3 )  Mica  (most  p r o b a b l y  2M1 m u s c o v i t e )  was i n d i c a t e d  i n  mino r  
q u a n t i t i e s  i n  a l l  t h e  s o i l s ,  w i t h  t h e  p r o p o r t i o n  
d e a c r e a s i n g  p r o g r e s s i v e l y  w i t h  i n c r e a s e d  w e a t h e r i n g  o f  
t h e  s o i l s .  A minor  q u a n t i t y  o f  c h l o r i t e  was a l s o  
i n d i c a t e d  i n  some o f  th e  s o i l s .
( 4 )  G i b b s i t e  was i n d i c a t e d  by  b o t h  IR and  DSC i n  t h e  most  
w e a t h e r e d  s o i 1 .
7 . 5 . 2  I r o n  Oxi de  M i n e r a l o g y
( 1 )  O nl y  g o e t h i t e  was i n d i c a t e d  by  i n f r a r e d  s p e c t r o s c o p y  and  
DSC i n  a l l  t h e  s a m p l e s .  The a b s e n c e  o f  f e r r i h y d r i t e  
p e a k s  c o n f i r m e d  t h e  m in u t e  q u a n t i t y  o f  t h e  m i n e r a l  w h ic h
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was e a r l i e r  i d e n t i f i e d  i n  some o f  th e  s o i l s  by  e l e c t r o n  
m i c r o s c o p y  and a c i d  o x a l a t e  d i s s o l u t i o n .
( 2 )  I n f r a r e d  s p e c t r o s c o p y  show ed t h a t  t h e  amount o f  g o e t h i t e  
i n  t h e  s o i l s  i n c r e a s e d  p r o g r e s s i v e l y  w i t h  i n c r e a s e d  
w e a t h e r i n g .
( 3 )  A s h i f t  o f  t h e  i n f r a r e d  OH s t r e t c h i n g  band o f  th e  s o i l  
g o e t h i t e s  t o  l ow er  w avenum bers was o b s e r v e d .  T h i s  s h i f t  
t o  lo w er  v a l u e s  i s  c o n t r a r y  t o  t h e  o b s e r v a t i o n  from  
p r e v i o u s  s t u d i e s  but  c o r r e s p o n d e d  w i t h  t h e  d i r e c t i o n  o f  
i n c r e a s e d  Al s u b s t i t u t i o n  f o r  Fe i n  t h e  g o e t h i t e  p a r t i c l e s  
and i s  what s h o u l d  be e x p e c t e d  from c o m p a r i s o n  w i t h  
d i a s p o r e  ( t h e  Al i somorph o f  g o e t h i t e ) .  Due t o  t h e  f a c t  
t h a t  o t h e r  f a c t o r s  su c h  a s  v a r i a t i o n  i n  c r y s t a l l i n i t y  
c o u l d  l e a d  t o  s i m i l a r  s h i f t s ,  i t  h a s  b e e n  c o n c l u d e d  t h a t  
s e v e r a l  f a c t o r s  may be r e s p o n s i b l e  f o r  t h e  s h i f t  o f  t h e  
i n f r a r e d  OH s t r e t c h i n g  band t o  may be c a u s e d  by  s e v e r a l  
f a c t o r s  and t h e  d i r e c t i o n  o f  s h i f t  d i c t a t e d  by  t h e  
d o m i n a t i n g  f a c t o r / s .
( 4 )  A s h i f t  i n  t h e  DSC d e h y d r o x y l a t i o n  p ea k  p o s i t i o n s  o f  
g o e t h i t e  t o  h i g h e r  v a l u e s  w i t h  i n c r e a s e d  w e a t h e r i n g  was  
o b s e r v e d .  T h i s  i n c r e a s e  was a t t r i b u t e d  t o  t h e  c o m b i n e d  
e f f e c t s  o f  i n c r e a s e d  Al s u b s t i t u t i o n ,  i n c r e a s e d  p a r t i c l e  
s i z e  and i n c r e a s e d  c r y s t a l l i n i t y  o f  t h e  s o i l  g o e t h i t e s  
w i t h  i n c r e a s e d  w e a t h e r i n g .
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Table 7.1 Summary of the Mineralogy of Untreated Clavs
Sample Major
MINERALS
Intermediate Minor Trace
404.08 Halloysite/ 
Kaolinite
- Goethi te 
Gibbsite
Mica
404.07 Halloysite/ 
Kaolini te
- Goethi te -
404.06 Halloysite - Goethite Kaolinite
404.05 Halloysite - Goethi te Mica
G oeth ite: 08 07 — 05 > 06
H a llo y s ite :  05 > 06 > 07 > 08
K a o lin ite :  08 >• 07 >• 06 > 05
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Table 7.2 Summary of the Mineralogy of 5-M NaOH Treated Clav Residues
Sample Major
MINERALS
Intermediate Minor Trace
404.08 Goethite
Mica
- Quartz 
Kaolinite/ 
Halloysite 
Feldspar
404.07 Goethite
Mica
- Quartz 
Kaolinite 
Halloysite 
Feldspar 
Chlorite
-
404.06 Goethite Mica
Feldspar
Quartz Chlorite
404.05 Mica Goethite Quartz
Feldspar
-
Goethite: 08 > 07 = 06 > 05
Mica: 05 > 08 > 07 > 06
Feldspar 06 »  05 > 07 »  08
Chlorite 07 > 06
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Tab1e 7.3 Summary of the Mineralogy of HF Treated Clay Residues
Sample Major
MINERALS
Intermediate Minor Trace
404.08 Goethi te Mica - Quartz 
Feldspar 
Kaolinite/ 
Halloysite
404.07 Goethi te 
Mica
- Quartz
Feldspar
Kaolinite/ 
Halloysite
404.06 Goethi te 
Mica
- Quartz 
Feldspar 
Kaolinite/ 
Halloysite
-
404.05 Mica - Goethite
Quartz
Feldspar 
Kaolini te/ 
Halloysite
Goethite: 08 s> 07 > 06 »  05 
Mica: 05 > 07 > 06 = 08
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T a b l e  7 . 4 :  OH S t r e t c h i n g  Band P o s i t i o n  ( v O H )  and Aluminium
S u b s t i t u t i o n  f o r  5-M NaOH and HF T r e a t e d  C l a v  R e s i d u e s
Sample vOH (cm“l )  A1 S u b s t i t u t i o n  (m o le  %)
NaOH HF NaOH HF
4 0 4 . 0 8  3170 3168 1 5 . 2 4  1 5 . 7 2
4 0 4 . 0 7  3180 3178 1 4 . 5 7  1 4 . 5 7
4 0 4 . 0 6  3180 3178 1 2 . 2 8  1 2 . 2 8
4 0 4 . 0 5  3198 3200  9 . 4 2  9 . 4 2
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Figure 7 .1 : Infrared Spectra o f  Untreated C lays. The G oeth ite  Band at
3160cm“l  is  in d icated  (G)
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F i g u r e  7 . 2 :  I n f r a r e d  S p e c t r a  o f  R e s i d u e s  f r o m  D i t h i o n i t e  C i t r a t e
B i c a r b o n a t e  (DCB) T r e a t e d  C l a y s
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Figure 7.3: Infrared Spectra of Residues from 5 M Boiling NaOH Treated Clays
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Figure 7.4: Infrared Spectra of Residues from HF Treated Clays
Chapter
111
Infrared Spectroscopy and DSC
Xw
AT
W
404 .0 8
250
404 .07
530
4 04 .06
530
4 04 .05
530
530
T, °C
F ig u re  7 .5 :  DSC C urves o f  U n tre a te d  C lays

279
C H A P T E R  8 
GENERAL DISCUSSION
8.1 INTRODUCTION
Some specific discussions have already been presented along with the 
results in the previous chapters. In this chapter these are summarised and a 
general discussion is given based on the overall findings of the study.
8.2 GENERAL DISCUSSION
8.2.1 Soil Weathering and Clav Mineralogy
The results of chemical analysis by X—ray fluorescence (XRF), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and electron 
diffraction (ED), X—ray diffraction (XRD), infrared spectroscopy (IR), and 
differential scanning calorimetry (DSC) reported earlier in the previous chapters 
have given an insight into the weathering characteristics and clay mineralogy of 
the weathered granite under investigation.
The depletion of Ca and Na (elements which were contained mainly in 
the plagioclase feldspars in the soils under investigation) in the least weathered 
soil, together with the observation of hand specimens and preliminary optical 
microscopy study indicated that the plagioclase feldspar was the first primary 
mineral to weather significantly. Significant weathering of K— feldspar and biotite 
then occured at later stages while quartz was the most stable of all the minerals 
and showed minimal dissolution in all the soils although an accumulation of the
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mineral in a particular soil relative to another was not indicated. The sequence 
of weathering of the primary minerals in the soils is in agreement with that
reported by Lumb and Lee (1975) for Hong Kong granites and the significant 
weathering of plagioclase prior to that of K— feldspar agrees with earlier findings 
that reported K—feldspars to be generally more stable than plagioclase (e.g
Goldich, 1938 and Huang, 1977).
A summary of the mineralogy of the clay fraction of the soils based on 
the combined findings from using the different techniques is given in Table 8.1. 
Tubular halloysite (7A) was indicated as the initial weathering product of the
granites and dominated the clay mineralogy of the less weathered soils while
minor quatities of muscovite, K— feldspar and quartz were also present in these 
soils. Halloysite was gradually replaced by kaolinite as weathering progressed in
the soils. Chlorite was found as a trace mineral in some of the soils while the 
formation of gibbsite was evident in the most weathered soil. The occurence of 
halloysite in the least weathered soil where the plagioclase feldspar was found to 
be the only primary mineral to be significantly weathered suggested that the
halloysite tubes in this soil were formed from the plagioclase. The fact that
kaolinite was abundant only in the most advanced stages of weathering, and the 
increase in the proportion of the mineral at the expense of halloysite as 
weathering progressed appeared to suggest that the kaolinite may have been 
formed by alteration of the halloysite. The fact that some of the halloysite tubes
appeared to be opening up (e.g Gilkes et al; 1980) and the similarity in the size
of halloysite and kaolinite in the residual soil also support this suggestion. The
possibility that at least some of the the kaolinite may have been formed from
other minerals such as K— feldspar or biotite cannot however be discounted in the 
present investigation. The muscovite in the samples was found by X— ray
diffraction and infrared spectroscopy to be of the 2M1 polytype. Optical 
microscopy of unweathered rock fragments showed that the mineral was present as
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a primary mineral in very low quantity. The presence of muscovite in all the
soils appeared to indicate that the mineral was resistant to weathering under the
prevailing conditions although its depletion in the residual soil indicated a possible
alteration to other products at this stage. It is possible that the chlorite in the
soils was derived from the alteration of biotite. The fact that the identification
of chlorite in Sample 404.06 also coincided with the onset of biotite weathering
(from observation of hand specimens) which then increased up the profile with
increase in the proportion of chlorite appeared to support this suggestion. 
Gibbsite formation has been reported to occur from either the alteration of 
primary aluminosilicates or from the secondary clay minerals (Hsu, 1977; Eswaran 
et al; 1977 and Gilkes et al; 1980). The occurence of gibbsite only in the most 
weathered soil in this investigation may be an indication that the gibbsite was
formed from one or more of the clay minerals (probably kaolinite and halloysite) 
after they had been formed from the primary minerals.
TEM and SEM observations showed halloysite tubes of silt and clay sizes. 
In some cases, for the less weathered soils, the formation of halloysite was at the 
advanced stages, and although the halloysite tubes could be seen to grow out of a
substrate, the main mineral from which they were formed were not recognisable.
In other cases, however, the halloysite tubes could be seen to grow out of the
surface of the primary mineral (probably plagioclase). In such cases, the
halloysite tubes were particularly long with most of the tubes being longer than 
5/xm. Such long tubes of halloysite had been identified in soils previously
Eswaran and Bin, 1978a and 1978b) and appear to be typical of granitic
weathering in well drained soils of the tropical and subtropical areas. It is
possible that these tubes were formed in places within the weathering rock (e.g in 
etch pits of feldspars) where they were protected from mechanical stresses.
Alternatively, the tubes may have been formed from minerals which weathered 
faster than the other minerals, in which case by the time they were formed, the
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fabric of the soil was still mostly intact and protected the tubes from mechanical 
stresses.
Parham (1969b) also identified halloysite tubes in weathered granites from 
Hong Kong. According to him, the halloysite was formed as a result of feldspar 
alteration to allophane from which the halloysite was subsequently formed. The 
allophane was said to have formed a covering sheet on the feldspar particles. 
Lumb and Lee (1975) also reported identifying allophane in halloysitic soils 
formed from granite in Hong Kong and stated a sequence for the alteration of
feldspar to kaolinite in which feldspar alters first to allophane from which 
halloysite crystallises. The halloysite is later transformed to kaolinite as
weathering continues. Since no allophane was indicated in the soils studied in 
this investigation (perhaps due to the advanced stage of formation of the 
halloysite in the soils) it was not possible to confirm the formation of halloysite 
from allophane. In the cases where halloysite was observed to be forming from 
the primary feldspar mineral by SEM, however, no indication of formation from 
a covering sheet was given. Rather the halloysite tubes were seen to grow out 
of the surface of the feldspar. It is possible that amorphous intermediates were 
first formed on the surfaces of the feldspar (not necessarily as covering sheets) 
and halloysite was subsequently formed from them. This type of formation of 
halloysite from amorphous materials was reported by Eswaran and Bin (1978b) for 
halloysites formed from granite in Malaysia. Further investigation is however 
needed to confirm the mode of formation of halloysites in the present case.
Based on the results of mineralogical analysis of the different weathering 
grades of soils obtained in this study, a possible weathering path for the primary
minerals in the granitic rocks to the residual soil found on site is proposed as
shown in Figure 8.1.
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8.2.2 Engineering Properties
Various engineering properties of soils are related to their mineralogy, 
particle size and microfabric (Lumb, 1962, 1965; Yong and Warkentin, 1975, and 
Jacquet, 1990). The results of mineralogical properties of the soils obtained from 
using the different techniques already mentioned in Section 8.2.1 above, together 
with the results of particle size analysis done in the cause of this investigation 
and those by other authors, and the observation of the soil fabric using SEM 
could allow a prediction of some of the geotechnical behaviour of these and other 
similar soils. Mineralogical analysis has shown that either tubular halloysite or 
platy kaolinite was the main clay mineral in the weathered granite and residual 
soils with halloysite being dominant in the less weathered soils, but gradually
replaced by kaolinite which became slightly dominant in the most highly 
weathered residual soil. Results of particle size analysis showed that the clay
fraction of the soils varied from less than 6% in the least weathered soil to 18% 
in the most weathered soil (see Table 3.6) thus showing that clay constituted a 
very small amount of the total soil. Irfan (1986) also found clay fractions of 1 
to 9% for eleven samples of Hong Kong granite while Lumb (1962) reported an 
average of 8% clay content for similar weathered granite from Hong Kong. 
According to Lumb and Lee (1975), from an engineering point of view, the
halloysitic nature of the clay- size fraction and its small amount would suggest
that the clay has little influence on performance of these soils, and that the 
engineering behaviour would be controlled by the coarser silt and sand fractions. 
This suggestion is in agreement with the observed behaviour of the soils (Lumb, 
1962, 1965). Lumb (1962) however reported that considerable variation in
grading and voids ratio of the decomposed granite occured in relatively small 
volume of soils and that these variations were haphazard and quite unpredictable 
from the results of a single trial pit or borehole. The results of TEM and SEM 
(Chapter 5) obtained in this investigation showed silt as well as clay size
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halloysite tubes in the soils. It is possible that the silt— size halloysite tubes are 
fragmented into clay sized tubes during pretreatment for particle size analysis 
which may include finger or pestle crushing and shaking or ultrasonic vibration of
the soils. Hence, the variation in grading noted by Lumb (1962) may be due to
differences in pretreatment procedures (e.g amount of shaking or ultrasonic 
treatment) which do not lead to variation in other soils and are often overlooked. 
Indeed, particle size determination done on one soil (from the present site) using
two different methods (one which involved the use of pestle and mortar without
finger crushing of soft feldspars, and another which involved the use of pestle 
mortar with additional finger crushing of soft feldspars) showed an increase in 
clay content from 3% to 12% (Irfan, 1986), thus supporting the suggestion that 
differences in grading may result from differences in pretreatment procedures. 
The silt size of some of the soils were also found to increase dramatically (up to 
14% change) when finger crushing of soft feldspars was done prior to particle 
size determination (Irfan, 1986). This is probably due to gravel and sand size
feldspars being reduced to silt size fractions by finger crushing. Such variation in 
grading may have serious engineering implications, since grading is an important 
classification parameter. In addition, the tropical and subtropical areas of the 
world where these soils appear to be widespread are, currently, ares of intense 
civil engineering activities. In view of these it would be necessary to adopt a 
uniform method for particle size analysis in order to be able to relate grading to 
engineering behaviour and to compare results and experiences from different sites. 
Previous experience has shown that the relationships which have been successfully 
developed for transported soils relating the results of soil classification tests and
various engineering properties do not seem to hold for some tropical residual soils 
(Mitchell and Sitar, 1982). According to Irfan (1986), this partly stems from the
difficulty of determining the exact grain size of engineering soils formed from the
weathering of rocks under mainly tropical conditions. Apart from the
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effectiveness of dispersing agents, mechanical treatments given to soils during 
pretreatments have to be considered. At present, the methods in use for particle 
size determination are varied. Head (1980) recommended breaking down of 
particles in a mortar with a rubber pestle, with avoidance of crushing of 
individual particles. Oven drying of tropical soils was also to be avoided. Ove 
Arup and Partners (1980) recommended the use of 'soft' methods, i.e dispersion 
from the natural state by use of sodium hexametaphosphate. No pestle and 
mortar was recommended. Australian Standard 1289: 1977 also discourages the 
use of pestle and mortar indicating that, particularly, residual soils of igneous 
origin suffer severe breakdown when subjected to mechanical stirring. The
method currently in use by the Public Works Central Laboratory in Hong Kong
involves oven drying at 110°C on occassion followed by breakdown using a 
porcelain pestle and mortar before dispersion with sodium hexametaphosphate 
(Irfan, 1986). Irfan (1986) also noted that, for the Hong Kong granites, samples 
which were oven dried before treatment gave lower clay and silt contents when 
compared wiyh air dried samples. This observation may be partly due to the 
mineralogy of the soils as halloysite tubes tend to unroll on drying thus leading 
to an increase in the size of the particles. Hence it may be more advisable to 
avoid oven drying of the soils prior to particle size analysis.
Although it may be more appropriate to use 'soft' methods when
determining the particle size of decomposed soils for filter design or similar 
purposes, the particle size determined using 'hard* methods and re— agents may 
be more appropriate for slope design in decomposed soils of clay dominated
microfabrics sheared under typical engineering effective stresses. Some crushing of 
grains, translation as well as shearing through soft grains composed of clay 
pseudomorphs are likely to occur during shear under static or repeated stresses 
(Miura and O—hara, 1979). In any case, a statement of the pretreatment
procedures appears desirable when reporting results of particle size analysis on
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tropical soils.
SEM of fractured surfaces of the soils revealed three main types of voids: 
(1) A few etch— pits in feldspars (2) Holes with rounded edges (some have 
cross sections of about 5^un diameter) which were fairly common and were often 
seen going through piles of halloysite tubes. The rounded edges of the holes and 
the good depth appeared to indicate that they had been formed by infilterating 
fluid (3) Channels or 'troughs' between ridges of remnant feldspars from which 
halloysite particles were growing out. These were the most common. All these 
macropores, combined to give the soils a generally porous appearance. In 
addition, the halloysite tubes which were detached from the primary feldspar were 
often loosely packed and the resultant micropores would allow free passage of 
fluid to provide a free— draining medium. The porous appearance observed for 
the soils in this investigation is further supported by the results of void ratio 
measurement given by Irfan (1986) for soils from the same site. Field void ratio 
ranging between 0.9 and 1.0 reported by him would give the soils a porosity of 
between 47 and 50%, using the usual relationship shown below in Equation 9.1.
e
n -  ------------  [9 .1 ]
1 + e
where n is porosity and e is void ratio.
Irfan (1986) suggested that the high void ratio compared with the low clay 
content of the soils may be an indication of extensive leaching out of the clay 
minerals as they were formed during the course of weathering or an extensive 
etch— pit solution of feldspar without forming clay minerals. Since no evidence of 
clay translocation was shown by mineralogical analysis, and SEM (as clay 
mineralogy differed in the least and most weathered soils) weathering and leaching 
will have to be very rapid in the soil to account for the high void ratio and low 
clay content. The fact that most of the plagioclase was already weathered in the
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least weathered soil (Sample 404.05), as shown by elemental analysis, is a point
in support of rapid weathering of the soil, and the good drainage provided by the
hilly terrain and the steep slope of the soil mantle and basal rock surfaces of 
Hong Kong (Lumb and Lee, 1975) would aid leaching. However, the fact that 
silt size halloysite tubes were also formed from the feldspar should account for 
part of the low clay content of the soils. From the results of this investigation, 
a possible explanation for the high void ratio of the soils may be that weathering 
produced etch— pits in the feldspar with loss of some of the mineral without
forming clay minerals. The voids left as a result of this action would provide a
good flow of water which would lead to the removal of more material (e.g 
amorphous material) during clay formation and leaching of the fine clay minerals 
which may later be formed. Similar intense and rapid leaching was reported by 
Eswaran and Bin (1978a) for weathered Malaysian granites.
8.2.3 Iron Oxide Mineralogy of the Weathered Granites
Ferrihydrite and goethite were identified as the iron oxide phases in the 
weathered granites. Ferrihydrite was identified by electron microscopy only in the 
red mottles of the least weathered soil (Sample 404.05) but an indication of the 
mineral was given in Samples 404.05, 404.06 and 404.07 by acid ammonium 
oxalate extraction although the mineral occured in minute quantities. Goethite 
was identified in all the soils by electron microscopy, X— ray diffraction, infrared 
spectroscopy and differential scanning calorimetry. Hence, it could be summarised 
that goethite existed together with ferrihydrite in Samples 404.05, 404.06 and 
404.07, but goethite occured as the sole iron oxide mineral in the most weathered 
Sample 404.08.
Previous identification of ferrihydrite in soils had been confined to the 
temperate climate regions (e.g Chukhrov et al; 1972 and Campbell and 
Schwertmann, 1984). Although on very few occassions, identification of the
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mineral in soils from the tropic had been inferred, such identification was in 
doubt. For example, Eswaran and Bin (1978a) reported the presence of XRD
amorphous iron oxides in some weathered granite soils from Malaysia, thus 
appearing to suggest the presence of ferrihydrite in the soils, but no details of 
the amorphous iron oxide or the methods of identification were given. Smart 
(private communication, 1987) also thought the iron oxide particles encountered in 
a tropical red soil from Nyeri, Kenya (see Smart, 1972, 1973) could be
ferrihydrite, but no identification of the oxide was done. The lack of positive
identification of ferrihydrite in tropical and subtropical soils to date has led to the 
popularly held view amongst researchers that the mineral is an indicator of 
pedogenic environments in cool or temperate, moist climates (Schwertmann, 1985). 
The positive identification of ferrihydrite in the red mottles of Sample 404.05, by 
electron microscopy methods, in this investigation represents what appears to be
the first of such identification in a tropical or subtropical soil and indicated that 
ferrihydrite could occur in soils from these climates contrary to the current view. 
The possible modes of formation of the mineral in the soils are discussed later in 
Section 8.2.4.
Experiments with synthetic systems have proved that hematite formation
requires ferrihydrite as a necessary precursor, and that hematite forms from the
dehydration and structural rearrangement of the ferrihydrite particles (Fischer and
Schwertmann, 1975; Schwertmann and Taylor, 1977; Schwertmann, 1987b). 
Similarly, the widespread occurence of hematite in tropical and subtropical soils is 
well established (e.g Schwertmann and Taylor, 1977; Kampf and Schwertmann, 
1982; Fitzpatrick, 1987; Herbillon and Nahon, 1987, and Schwertmann, 1987b). 
It follows that if synthetic systems apply to pedological conditions (although this is 
not always so) then ferrihydrite must have been formed in tropical hematitic soils,
but is likely to be unstable and is rapidly converted to hematite in these soils.
Hence the instability, rather than the formation, of ferrihydrite in the tropical
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and subtropical soil systems may be responsible for the mineral not being 
widespread in these soils. Another reason why ferrihydrite may have escaped 
identification in soils in general derives from its poor crystallinity which makes it 
difficult to identify by conventional X— ray diffraction methods especially when in 
mixture with other clay silicates or more crystalline iron oxides (Schwertmann, 
1987b). Although improved methods such as differential X— ray diffraction and 
Mossbauer spectroscopy have proved useful in recent years, electron microscopy 
on the different iron oxide concentrations in a soil, as done in this investigation, 
appears desirable for complete identification of all the iron oxide minerals in a 
soil, especially when some are present in minute quantities.
The occurrence of goethite in the soils was expected due to their 
yellowish colour (see Tables 2.3 and 3.3). The identification of goethite in soils 
from the tropical and subtropical areas is well documented (see Schwertmann, 
1987b and Fitzpatrick, 1987 for reviews) and this mineral along and hematite, are 
common minerals in soils from these areas and are often responsible for the 
yellowish and reddish colours of most tropical soils. Although hematite was 
expected in the soils, especially in the red mottles, due to the reddish colour and 
the fact that the soils were of tropical origin, the mineral was not identified in 
any of the soils. The absence of hematite in the soils is in line with previous 
observations that hematite has never been detected along with ferrihydrite in a 
soil. According to Schwertmann, (1987b), this observation would appear to be in 
discrepancy with the popular concept that hematite is formed in soils by 
transformation from ferrihydrite and the only plausible explanation is that the rate 
of transformation of ferrihydrite to hematite is much faster than the neoformation 
of ferrihydrite. This fast rate of transformation of ferrihydrite to hematite is in 
agreement with in vitro experiments (Schwertmann, 1987b).
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8.2.4 Iron Oxide Formation in the Weathered Granites
The formation of iron oxides in synthetic systems as well as in the natural 
environment was discussed in Chapter 2. The deduction of the possible modes of 
formation of iron oxides in soils is often done from comparison with results of
synthetic systems. However, as stated earlier in Chapter 2, since synthetic
systems do not always exactly simulate what actually happens in natural
environments, various problems arise from making such comparisons, but the 
usefulness of results obtained from synthetic systems in explaining the situations in 
soils increases as the conditions during synthesis approach those in soils.
Furthermore, the determination of various chemical properties and composition of 
the soil as was done in this investigation (Chapter 4) helps to give a clearer 
picture.
Results of experiments on synthetic systems and deductions from 
observations of natural systems have shown that the formation of the different
iron oxide phases and transformation from one phase to another depend on 
several factors such as rate of release of Fe from the supplying medium, pH,
water activity, temperature and the presence of other compounds and elements
such as organic matter and silicates (see Schwertmann, 1987b for a review).
Synthetic ferrihydrite has been prepared by neutralising a ferric salt 
solution (e.g Murphy et al; 1976), by dialysing a ferric nitrate solution with 
distilled water (Towe and Bradley, 1967), and by oxidising a ferrous salt
(Schwertmann and Taylor, 1972). Similarly, the formation of ferrihydrite in 
different natural environments has been discussed by various authors including 
Spencer et al. (1983), Ottow (1969), Schwertmann and Fischer (1973), Chukhrov
et al. (1972), Carlson and Schwertmann (1981, 1987), and Schwertmann et al.
(1987) and was summarised by Schwertmann (1987b) who stated that the high
degree of disorder and/or extremely small particle size (a few nm) of ferrihydrite
as compared to the other Fe oxides indicate that disorder is caused by rapid
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formation and/or by hindrance of crystallisation. Both mechanisms are supported 
by the observation that ferrihydrite forms either when waters containing F e 2+ are 
oxidised very quickly or, more importantly, in the presence of constituents which 
impede crystal nucleation and growth of other well— ordered forms such as 
goethite and lepidocrocite. Under favourable conditions and depending on the 
conditions in the soil environment, hematite or goethite may then be formed from 
the ferrihydrite. The mechanism for the formation of hematite and goethite from 
ferrihydrite was summarised by Schwertmann (1985, 1987) and presented in Figure 
2.13 in Chapter 2. Based on the results of previous works by other authors and 
those obtained in this investigation, the presence of ferrihydrite and goethite in
the subtropical, Hong Kong weathered granites are discussed here.
For the formation of iron oxides, a source of Fe is essential, and in soils 
Fe— bearing silicates are often the usual sources. In the present soils, biotite 
being the main Fe— bearing mineral identified in the soils was likely to be the 
main source of Fe supply to the soil system. In fact, as stated earlier, most of 
the red mottles in which ferrihydrite was identified in this study were found 
around biotite particles and optical microscopy of thin sections of the soils
indicated reddish nodules of iron oxides mainly on the biotite particles thus giving 
an indication that the iron oxides may have been produced from Fe from the 
biotite. Also, the fact that the ferrihydrite was found in the close vicinity of the 
biotite particles may suggest a quick oxidation as soon as the Fe was released. 
The oxidation of Fe in soils were discussed by Escoubes and Karchoud (1977)
and Brindley and Lemaitre (1987) while the oxidation of Fe in biotites have been 
presented by several authors including Farmer et al. (1971), Gilkes at al. (1972a, 
1972b), Scott and Amonette (1987) and Brindley and Lemaitre (1987) amongst 
others. High temperatures such as often occur in the tropical and subtropical
areas often lead to a general increase in weathering rate of soils from these areas 
and may also accelerate Fe release from biotite thereby promoting the formation
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of ferrihydrite. Usually, in tropical and subtropical soil conditions, the 
ferrihydrite is very unstable and is converted to more crystalline iron oxides. 
The low water activity and high soil temperature which often prevail in these 
climates usually promote the dehydration of ferrihydrite with consequent formation 
of hematite. However, in the soils studied in this investigation several factors 
may be responsible for the relative stability of ferrihydrite. A medium Al 
substitution of about 9.42 mole% obtained for the goethite in the least weathered 
Sample 404.05 (see Chapter 6) is an indication that free Al was available in the 
soil system even at the early stages of weathering. This Al may have been
available to the ferrihydrite at the time of formation and led to inhibition to
crystallisation of the ferrihydrite to more crystalline minerals. The inhibitory 
action of Al to the crystallisation of ferrihydrite is well established and was 
reported by Chukhrov et al. (1972). Some other compounds which appeared to 
be available in the soil system and may lead to inhibition to crystallisation of
ferrihydrite are silica and organic matter. The inhibiting effect of silicon on the 
crystallisation of ferrihydrite has been demonstrated in laboratory experiments 
(Chukhrov et al; 1972; Schwertmann and Thalmann, 1976 and Karim, 1984) and 
has been observed in natural environments by Chukhrov et al. (1972), Henmi et 
al. (1980), Carlson and Schwertmann (1981) and Childs et al. (1982). For 
example in a 3.6 x 10“  4 M F e 2+ solution with 10”  3 Ca to simulate
groundwater, a poorly crystalline lepidocrocite was formed on rapid oxidation at 
0 to 4 mg Si per litre, whereas poorly crystalline ferrihydrite was the product at 
Si concentration between 5 and 12 mg per litre (Schwertmann, 1987b). Likewise 
a similar inhibiting effect of organic matter on the crystallisation of ferrihydrite is 
well reported and this was reviewed earlier in Chapter 2. Schwertmann (1987b) 
reported that on aerial oxidation of a simulated ground water with 3.6 x 10“  4 
M Fe, ferrihydrite was formed in the presence of organics from a hot— water 
extract of a soil. Campbell and Schwertmann (1984) also identified ferrihydrite in
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soils from podsol B horizons and placic horizons where organic matter was also 
present and Susser and Schwertmann (1983) reported ferrihydrite, associated with 
organic matter, in ochreous deposits from drain pipes or drain ditches. 
Ferrihydrite was also detected in lake waters containing about 1.5 mg per litre of 
humics (Tipping et al; 1981). According to Schwertmann (1987b) only a low 
concentration of these compounds is necessary to impede the crystallisation of 
ferrihydrite.
Elemental analysis of the whole soil and clay fraction of the weathered 
granites (see Tables 4.2 and 4.3) showed a generally high quantity of silicon in
the Hong Kong soils as would be expected for a granitic material. Although 
most of the silicon may be bonded in the stuctures of the alumino— silicates and 
large quartz grains, the mineralogical analysis of the clay fraction of the soils (see 
Table 9.1) showed that some quantity of quartz was present in the fine fraction 
of the soils. Furthermore, although it was not possible to obtain the silicon 
content of the soil ferrihydrite due to the minute quantity of the mineral, in a 
system where a high quantity of silicates is present a substantial amount of silicon 
(from weathering silicates and/or quartz dissolution) would be expected to be
available.
The organic matter contents of the whole soil fraction of the Hong Kong 
granites varied between 0.18% and 0.45% and decreased with increased
weathering of the soil samples. A detailed discussion of the role the organics 
may play in the occurence of ferrihydrite was given in Section 4.7.5 and pointed 
to the possibility of the organic matter in the Hong Kong soils inhibiting the
crystallisation of ferrihydrite to more crystalline products. The percentage of 
organic matter in Sample 404.05 is as much as some of those reported by 
Schwertmann et al. (1987) for samples from some Finnish lakes where ferrihydrite 
was identified.
The formation of goethite in the soil environment was reviewed earlier in
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Section 2.3.2(a). Usually three broad pathways are possible viz: (1) oxidation of 
F e 2+ ions produced from weathering Fe—bearing silicates (2) formation from 
ferrihydrite and (3) transformation of hematite and other crystalline iron oxides 
through dissolution and recrystallisation to goethite. In the Hong Kong granites 
studied in this investigation the first two appear to be possible. The fact that no 
other crystalline iron oxide apart from goethite was identified in the soils would 
appear to exclude the third possibility. Goethite usually forms in preference to 
ferrihydrite in the course of slow oxidation of F e 2+ ions (Chukhrov et al; 1972) 
which is a possibility in most systems. The high stability of goethite compared to 
other iron oxides also ensures its occurrence in most soils. These factors would 
account for the formation and occurrence of goethite in the Hong Kong soils. 
Two observations support the possibility that at least some of the goethite in the 
soils may have been produced from the ferrihydrite. The first is the fact that 
electron microscopy observation (Chapter 5) showed that particles of goethite 
appeared to exist in a mixture with ferrihyrite particles. The possibility that the 
goethites in the mixture may have been produced by direct oxidation of F e 2+ 
released from the silicates is, however, still valid. Secondly, the fact that only 
goethite was indicated in the most weathered soil may be an indication that the 
ferrihydrite in the soils was converted into goethite with time.
Experiments on synthetic systems have shown that the transformation of 
ferrihydrite to goethite occurs in competition with the formation of hematite from 
ferrihydrite according to the scheme shown in Figure 2.13 (Schwertmann, 1985, 
1987b). The absence of hematite in all the soils studied suggested that the soil 
conditions were more favourable for goethite formation from ferrihydrite. From 
Figure 2.13 it could be seen that various factors such as rate of Fe release, 
organic matter, soil temperature, pH and soil moisture influence the formation of 
goethite and hematite from ferrihydrite. The effect of the first three factors in 
iron oxide formation in the Hong Kong soils have already been discussed. In the
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case of pH, the measured pH of the soils (Chapter 4) varied between 5.01 and 
6.81 in water. This slightly acidic pH range will appear to favour the formation 
of goethite over hematite from ferrihydrite. Schwertmann and Murad (1983) also 
found, for a synthetic system, that the proportion of goethite formed from the 
ferrihydrite increased relative to hematite as the pH of the system dropped from 
8 to 4. The effect of soil moisture on the formation of goethite and hematite 
was discussed by Schwertmann (1985). Firstly, a higher moisture content 
decreases dehydration and discourages the formation of hematite. Secondly, since 
goethite has been found to form from crystallisation of F e 3+ in solution, a high 
moisture content should promote the formation of goethite. Due to high 
temperature and drainage in most tropical soils, the water activity in the soils 
may drop below 1. The Hong Kong granites tested in this investigation were far 
from being saturated, and the fact that goethite rather than hematite may have 
formed from the soil ferrihydrite may be an indication that goethite can form 
preferrentially over hematite even at low soil moisture. The water level of soils 
in the tropical and subtropical areas could however rise in the raining season and 
this seasonal rise in moisture content could be beneficial both for the stability of 
ferrihydrite in the soils and the formation of goethite from the ferrihydrite. The 
possibility of seasonal flooding in younger soils like those in this study is high due 
to the fact that, initially, voids are less well developed and drainage may not be 
rapid. Also the soils may be underlain by unweathered, less permeable rocks 
that may cause the stagnation of water. In fact it is possible that ferrihydrite 
may occur more commonly in the deeper seasonally flooded soils of tropical and 
subtropical areas. In order to resolve this question, it is suggested that samples 
should be examined while wet and freshly collected, rather than when dry. 
Based on the preceeding discussions, a probable scheme for the formation of iron 
oxides in the Hong Kong soils is given in Figure 8.2
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8.2.5 Properties of the Tron Oxides
Direct observation by electron microscopy suggested a spherical morphology 
for the soil ferrihydrite particles and the broad, faint electron diffraction patterns 
indicated a very low crystallinity for the mineral. Both these properties are in 
line with previous observations for both synthetic and natural samples (Eggleton 
and Fitzpatrick, 1988). An average diameter of about 5.5nm was obtained for 
the soil ferrihydrite particles by direct measurement from electron micrographs. 
Because it has always been difficult to measure the diameter of soil ferrihydrite 
due to aggregation in electron micrographs very few data are available on direct 
measurement of ferrihydrite diameter. The diameter obtained here however 
agrees well with those calculated for natural ferrihydrite particles (about 5.5nm) 
from Finnish lakes using a measured specific surface area of about 376 m 2m— 1 
and an assumed density of 2.8 gem-  1 (Carlson and Schwertmann, 1987).
The goethite particles showed variations in morphology, crystallinity and Al 
substitution from soil to soil. In general an increase in coarseness, crystallinity 
and Al substitution with increase in soil weathering was indicated. The goethite 
particles in the least weathered soil were observed by electron microscopy to be 
acicular and thin (average breadth of particles showing the (100) face was 4.4nm). 
As weathering progressed in Sample 404.06 acicular particles similar to those in 
the previous sample were still observed but the particles appeared to be generally 
larger (average breadth of particles showing the (100) face was 8.2nm). Although 
it was not possible to measure the particle sizes of individual particles in the 
micrographs of Sample 404.07 observations of the particles in the micrograph 
appeared to indicate a more plate— like than lath— like morphology of the 
particles compared to those encountered in Samples 404.05 and 404.06. In the 
most weathered Sample 404.08 the goethite particles also had a morphology that 
was more platy (elongated, plates with irregular edges) that acicular. An average 
breadth of 12.2nm was found for particles assumed to show the (100) face and
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makes them coarser than those encountered in the least weathered Sample 404.05 
and of comparable size to those in Sample 404.06. A comparison of the X— ray 
diffraction intensities (sharpness) of the goethite reflections from the different soils 
showed a progressive increase from the less weathered sample to the most 
weathered sample and shows an increase in the crystallinity of the goethite
particles in the soils in this direction. This increase in crystallinity was also 
depicted in the width at half—peak height of the (110) line which decreased
steadily from the least weathered to the most weathered soil. The width at 
half—peak height of the (111) lines did not reflect the increase in crystallinity,
thus showing that the (110) line would be better for judgement of crystallinity in 
this case. In contrast Campbell and Schwertmann (1984) reported that for some 
soil goethites from Europe, the (111) line was more affected by crystallinity than 
the (110) line. However, crystallinity effects in synthetic goethites were found to 
affect the (110) line more than the (111) line (Schulze and Schwertmann, 1984) 
in line with the findings of this investigation. Further investigations are necessary 
to clarify these differences.
The differences in crystal morphology and crystallinity of the goethite
particles may be due to various factors such as mode of formation (e.g 
Schwertmann et al; 1985), presence of foreign ions that hinder growth and 
crystallinity (e.g Quin et al; 1988), Al substitution (e.g Fey and Dixon, 1981) and 
age. In the Hong Kong soils, it is possible that all these factors have played a
part in determining the crystal morphology and crystallinity of the goethite
particles. The smaller size and the lower crystallinity of the goethite in the least
weathered soil may be due to the presence of foreign substances such as silicon
and organic matter which were indicated in the soils as discussed earlier in 
Section 8.2.4. These substances have a high affinity for the iron oxide surface, 
and therefore may block the surface of the growing crystal thereby limiting 
growth and crystallinity. As weathering increased, the proportion of some of the
298
Chapter 8: General Discussion
foreign substances (e.g organic matter and some cations such as Na and Ca) 
decreased, with an indication of increase in particle size and crystallinity of the 
goethite particles (Schwertmann, 1987b and Quinn et al; 1988). The effect of Al 
substitution on the properties of synthetic goethites has been discussed by Weed et 
al. (1976), Taylor and Schwertmann (1978), Fey and Dixon (1981), Schulze and 
Schwertmann (1984) and Schwertmann (1984) amongst others. Fey and Dixon 
(1981) reported that the lath—shaped (or acicular) morphology of the goethite 
particles was increasingly disrupted with greater Al substitution with less acicular 
goethites being produced with increasing Al substitution. Schwertmann (1984) and 
Schulze and Schwertmann (1984) also reported that with increasing Al substitution, 
goethite crystals became shorter and narrower, but thicker. An increase in 
crystallinity with Al substitution was however indicated. Mann et al. (1984)
however reported that for the crystals of a goethite with 9 mole % Al
substitution were larger than those of unsubstituted goethite and also larger than 
those with 15.7 mole % Al substitution, thus giving the impression that there may 
be a maxima in goethite size somewhere in the medium Al substitution range. 
These authors also reported that at 15.7 mole % Al substitution, acicular as well 
as plate— like goethites were observed with electron microscopy. Estimation of Al 
substitution for Fe in the soil goethite structures was obtained from X— ray
diffraction traces and showed an increase from about 9.42 mole % in the least
weathered soil to about 15.72 mole % in the most highly weathered soil. The 
results obtained for the Hong Kong soils will appear to indicate an increase in 
crystallinity of the goethite particles with increased Al substitution, however the 
effect of the age (which should lead to higher crystallinity of the goethite in the 
older soils) will also have to be taken into consideration and the increase in 
crystallinity with increased weathering may be a combination of Al substitution 
and age. As has been reported for synthetic systems (e.g Fey and Dixon, 1981; 
Schulze and Schwertmann, 1984 and Mann et al; 1985) there was also a tendency
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towards a platy morphology of the soil goethite particles with increase in
Al— substitution.
8.2.6 Interaction of Iron Oxides with Clav Silicates
Presently there are conflicting views on the interaction of iron oxides with 
clay minerals in soils and this was discussed earlier in Section 2.3.3(c). The 
results of electron microscopy obtained in this investigation showed some halloysite 
particles with iron oxide particles attached to their edges and faces and in some 
cases there appeared to be a real attraction between the iron oxide and the clay 
particles. Although this may demonstrate the possibility of an attraction between 
iron oxide and clay minerals under certain conditions, the number of clay 
particles observed with iron oxide attached to them were too few to make any
significant difference to the soil properties. However, such an attraction between
clay and iron oxide may be more significant in soils with very high concentration
of iron oxides than those studied in this investigation.
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T ab le  8 .1  Summary o f  C lay  M inera logy  o f  W eathered  G ra n ite  from  
Hong Kong.
MINERALS
Sample M ajor In te rm e d ia te  M inor T race
404 .08  K a o l i n i t e  H a l l o y s i t e  M uscovi te  C h l o r i t e ,
G i b b s i t e
Q u a r tz
404 .07  H a l l o y s i t e /  M uscovi te  C h l o r i t e
K a o l i n i t e  -  K - F e ld s p a r
Q uar tz
404 .06 H a l l o y s i t e
404 .05 H a l l o y s i t e
Muscovi t e  
K - f e l d s p a r  
Q uar tz
K a o l in i  t e  
C h l o r i t e
Muscovi te
K - f e l d s p a r
Q u a r tz
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P la g io c la se
K-feldspar
Biotite
M uscovite
Quartz
or dissolution
Halloysite
Kaolinite
mostly unaltered
mostly unaltered
Gibbsite
Chlorite
M uscov i te
Quartz
Figure 8.1: Poss ib le  weathering path for the  primary 
minerals in the Hong Kong granite
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Bedrock
Bedrock
Ferrihydrite j
G oeth i te  i
Figure 8.2: Poss ib le  path for the formation of iron o x id e s  
in the Hong Kong weathered  granites .
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APPENDIX
EXAMPLE OF THE ESTIMATION OF A1 SUBSTITUTION FOR Fe IN 
GOETHITE
For the illustration of the estimation of A1 substitution in goethite the X - ray 
diffraction lines from unsubstituted synthetic goethite and the goethite X— ray 
diffraction lines from the HF treated Sample 404.08 would be used. The 
relevant X— ray reflections for the samples are shown in Figures A1 to A4 and 
the calculations shown below.
As mentioned earlier in Section 6.6.2 the width at half peak height (WHH) of 
the (100) and (101) X—ray reflections of sample quartz, which was used as a 
standard, was found to be 0.150°, 26.
Unsubstituted synthetic goethite
From Figure A1, d(110) peak at 24.68°,29 is 4.1885A, 
observed width at half peak height (WHH0^S.) =  0 .9 ° ,2 6.
thus corrected width at half peak height (WHHcorr.) given by 
WHHobs. -  WHHstandard =  0.9 -  0.150 =  0.75",20.
from Table 2.4 the correction needed to the d(110) spacing is (—0.01) 
hence, the corrected spacing is 
d(110) =  4.1885 -  0.01 = 4.1785A
similarly from Figure A2 d ( l l l )  peak at 42.85°,26 is 2.4506A,
WHHobs =  0.525°,2 6
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WHHcorr. = 0.525 -  0.150 = 0.375°,26
from Table 2.4, no correction is needed for this spacing and d ( l l l )  =  2.4506A.
from Equation [2.7], the c—dimension of goethite was given by
c = [ ( l /d(l l l ) )2 -  (l/d(110))2] i / 2
i.e, for the synthetic goethite, 
c =  [(1/2.4506)2 -  (1/4.1785)2] “  1 / 2  
= [0.1665 -  0.0572] “  1 / 2  
.. c =  3.025A = 0.3025nm (see Tables 6.3 and 6.4) 
from Equation [2.6] 
mole % A1 = 1730 -  572.0.c 
for the synthetic goethite, 
mole % A1 =  1730 -  572.0 x 3.025 
= - 0 .3
effectively (0). (see Tables 6.3 and 6.4.)
HF treated Sample 404.08
From Figure A3, d(110) peak at 24.85°,20 is 4.1602A, 
observed width at half peak height (WHH0jjS ) =  0.575°,26.
thus corrected width at half peak height is given by 
WHHobs -  WHHstandard =  0.575 -  0.150 =  0.425°,20.
from Table 2.4, no correction is needed to the (110) spacing, and 
d(110) =  4.1602A.
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Similarly from Figure A4, d ( l l l )  peak at 43.2°,20 is 2.4316A, 
WHHobs. = 0.725°,20 
• W Hncorr. =  °-725 “  °-150 =  0.575°,20. 
fro Table 2.4, no correction is needed to the (111) spacing, and 
d ( l l l )  =  2.4316A.
Hence c— dimension (using Equation [2.7]) is 
c =  [(1/2.4316)2 -  (1/4.1602)2] “  1 / 2  
= [0.1691 -  0.0578] -  1 / 2  
c =  2.998A =  0.2997nm (see Table 6.4)
from Equation [2.6] 
mole % A1 =  1730 — 572.0.c 
for this soil goethite, 
mole % A1 =  1730 -  572.0 x 2.997 
=  15.72.
Hence A1 substitution =  15.72 mole % (see Table 6.4)
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